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MagnetiskresonansavbildningavhypoksiskǦiskemisk
hjerneskadeǦutviklinghosnyfødterotter
Ǧbildekontrastmedmanganogdiffusjon
HypoksiͲiskemierkombinasjonenavredusertoksygenogbegrensetblodforsyningtilhjernen.
Dette er en av de vanligste årsakene til hjerneskade hos nyfødt barn og medfører økt
dødelighet samt psykiske og fysiske problemer senere i livet. Behandlingsalternativene er
begrensetogdelangsiktigevirkningeneavbehandlingsmetoder,sliksomnedkjøling,somnylig
ertattibrukerfortsattukjent.HypoksiͲiskemisetterigangenskadeprosesssomutviklerseg
medvevsskadeogdødavhjerneceller i løpetavtimer,dageroguker.Denneskadeprosessen
ledsagesavbetennelsesreaksjonersomsynesåspilleenviktigrolleiskadeutviklingengjennom
aktivering av støtteceller (astroglia) og immunceller (microglia) i hjernen.Microglia har en
viktig funksjonmedå fjernedødecellerogvevsͲresteretterskader,menmicrogliakanogså
bidratiløktskadegjennomutskillelseavstoffersomopprettholderbetennelsenogforårsaker
celledød.Midlersomkanhemmebetennelse ihjernenetterhypoksiͲiskemikanderforvære
interessantesomnybehandling.
Magnetisk resonans (MR) avbildning er et viktig verktøy for vurdering av hjerneskade hos
nyfødte og har sammenmed bruk av dyremodeller for hypoksiskͲiskemisk hjerneskade hos
nyfødtegittverdifullkunnskapommekanismenebakdennetypenskade.Enstorfordelmed
brukavMRidyrestudiererblantannetatmankanforetagjentatteundersøkelserogmålinger
av strukturelle, cellulære og molekylære prosesser uten å ta ut vevsprøver. Dette gir
muligheter til å studere utviklingen av skade og effekten av behandling over tid.
ManganforsterketMR er enmetode som kan være nyttig i en slik sammenheng.Mangan
(Mn2+) er et stoff som på grunn av sine magnetiske egenskaper kan fungere som
kontrastmiddelvedMRavbildning. Ikroppenoppførermangan seg imange sammenhenger
som kalsium og kan blant annet gå inn i nerveceller og støtteceller (gliaceller) i hjernen
gjennomkalsiumͲkanaler.Prosessersomførertilhøytkalsiumicellene,sliksomcelledødeller
aktivitetinerveceller,kanderforpotensieltavbildesmedmanganforsterketMR.Cellulæreog
molekylæreprosessersomforårsakerendringeribevegelseavvannivevet,somforeksempel
oppsvulmingavcellerellerøktvannivevet(ødem),kanogsåvisualiseresmedMR.Vedåmåle
den retningsbestemte bevegelsen til vannmed en teknikk kalt diffusjon tensor avbildning
(DTI), kannervebanerogså avbildes i levendedyr. Forandringer inervebanene som skyldes
modningellerskadevilforårsakeendringeribevegelsenavvannsomkanmålesmedDTI.
Målsetningen med denne avhandlingen var å etablere metoder for MR avbildning av
hypoksiskͲiskemisk hjerneskade i levende nyfødte rotter, med det mål å kunne studere
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skadeutviklingen over tid samt å kunne vurdere hvordan tilførsel av ekstra oksygen og
behandlingmedetbetennelseshemmendestoff(doxycycline)påvirketskadeforløpet.
Arbeidet i denne avhandlingen demonstrerer hvordan manganforsterketMR kan være et
nyttig verktøy for å følge skadeutviklingen med betennelsesreaksjoner, arrͲutvikling samt
medfølgende celledød etter hypoksiskͲiskemisk skade i en nyføde rottehjerne. Økt
mangankontrast var synlig sju dager etter påført hypoksiskͲiskemisk skade og injeksjon av
mangan. Reaktive microgliaͲceller og astrogliaͲceller ble funnet i hjerneområder med økt
mangankontrast,ogdisseområdenegikkså ioppløsning idenetterfølgendeperiodenopptil
seksukeretterpåførtskade.DissestudieneharvistathypoksiskͲiskemiskskadeidennyfødte
hjerne er en langvarig prosess hvor betennelsesreaksjoner er et viktig element i
skadeutviklingen.DiffusjonstensoravbildningblebrukttilåstudereeffektenavhypoksiͲiskemi
pånervebanene.ResultatenevisteathypoksiͲiskemigirskaderpånervebanenesamtsyneså
påvirkedennaturligeutviklingeniformavredusertellerforsinketdannelseavmyelinͲskjeder
rundtnervebanene.Tilførselav rentoksygen (100%)etterhypoksivistesegå forverreslike
skaderinervebaneneitilleggtilåhaengenereltugunstigeffektmedøkttapavhjernevevog
øktbetennelsesreaksjonlengeetteratskadenblepåført.Doxycyclineeretstoffsomerkjent
foråhemmemicrogliaͲceller.Sometbehandlingsforsøkbleenenkeltdosemeddoxycycline
gitténtimeetterdenhypoksiskͲiskemiskskaden.Dettevistesegåbeskyttehjernen,redusere
tapavhjernevevsamtredusereskadenepånervebanene.Doxycyclineserderforuttilåhaet
potensialsombehandlingforhypoksiskͲiskemiskhjerneskadehosnyfødte.
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Summary
HypoxiaͲischemia (HI) is the combinationof reducedoxygen supply (hypoxia)and restricted
bloodsupply (ischemia) to thebrain. It isoneof themostcommoncausesofbrain injury in
newbornchildrenandcarriesan increased risk forearlydeathandmental,cognitive,motor
andsensoryproblems in later life.Thecurrenttherapeuticoptionsfortreatingorpreventing
hypoxicͲischemic injuries are limited and the longͲterm effects of new treatments, like
hypothermia,arestillunknown.HypoxicͲischemicinjurystartswiththeenergyfailureofbrain
cells.This initiatescascades leadingtodelayed injuryandcelldeaththatevolvesoverhours,
daysandweeks.HypoxiaͲischemiatriggersaninflammatoryresponsethatplaysanimportant
roleinthisdelayedinjuryprocessthroughactivationofmicroglialandastroglialcells.Microglia
istheresident immunecellofthebrain,andhas importantfunctionstocleardeadcellsand
debrisafterinjury.However,microglialcellsalsocontributetoincreasedinjurythroughrelease
of mediators which sustain the inflammation and cause cell injury. Inhibition of brain
inflammationisthereforeaninterestingoptionfornewtreatments.
Magnetic resonance imaging (MRI)hasbecomean important clinical tool forassessmentof
neonatal hypoxicͲischemic brain injury. Togetherwith a focus onmapping the cellular and
molecularmechanisms of injury in animalmodels it has advanced the knowledge of the
mechanism underlying hypoxicͲischemic injury.Use ofMRI in animal studies has the great
advantageof repeatednonͲinvasiveexaminationsandmeasurements thatallow longitudinal
studiesofthestructural,cellularandmolecularinjuryprocessesandthepossibilitytoevaluate
theeffectofinterventionsandtreatmentslongitudinally.OnesuchMRImethodismanganeseͲ
enhancedMRI.Manganese (Mn2+) acts as aMRI contrast agent due to its paramagnetic
properties.Inbiologicalsystems,Mn2+actsananalogueforcalciumandcanenterneuronsand
glialcellsthroughcalciumchannels.Processesleadingtohighintracellularcalcium,suchascell
death or neuronal cell activation,may therefore potentially be visualizedwithmanganeseͲ
enhancedMRI. Cellular andmolecular processes that cause changes in water diffusion in
tissue,suchascausedbycellswellingoroedema,canalsobevisualizedbyMRI.Bymeasuring
thedirectionalityofdiffusionwithatechniquecalleddiffusiontensor imaging(DTI),neuronal
whitemattertractscanalsobevisualizedinvivo.Injuryormaturationalchangestothewhite
matterwillcausechangesinthewaterdiffusionthatcanbemeasuredusingDTI.
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Theaimsofthisthesisweretoestablishmethodsfor invivoMR imagingofhypoxicͲischemic
brain injury in a neonatal rat model to enable longitudinal evaluation of delayed tissue
damage,injuryprogressionandtotesttheeffectsofinterventionsontheinjuryprocess.
TheworkofthisthesisdemonstrateshowmanganeseͲenhancedMRIcanbeausefultoolto
followtheinjuryprocessanddetectthedelayedinflammationandgliosiswithconcurringcell
deathfollowingahypoxicͲischemicinsulttotheneonatalratbrain.ManganeseͲenhancement
wasdetectableonMRIsevendaysafterthehypoxicͲischemicinsultandmanganeseinjection,
andthisenhancementwasrelatedtoactivatedmicrogliaandastrogliosissecondarytotheHI
injury.ThesemanganeseͲenhancedareasliquefiedduringtheperioduptosixweeksafterthe
initialinsult.ThesestudiesclearlyshowthathypoxicͲischemicinjuryintheneonatalbrainisa
prolongedprocess involving inflammationandgliosis. Injury towhitemattermicrostructure
andmaturationaldevelopmentofwhitematterwerestudiedusingdiffusion tensor imaging.
The results showed that hypoxiaͲischemia seems to affect the trajectory of whitematter
developmentwithresultsindicatingreducedordelayedmyelinationofmajorneuronaltracts.
Exposure to 100% oxygen after hypoxia was shown to exacerbate such injuries, delayed
maturationalchangesinwhitematterandtohaveageneraldetrimentaleffectwithincreased
braintissuelossandinflammationlongaftertheinsult.Asingledoseofdoxycyclinegivenone
hourafterthehypoxicͲischemicinsultdid,ontheotherhand,provideprotectionofthebrain
in the form of reduced tissue loss and less injury towhitematter tracts and this effect of
doxycycline increased with time after hypoxiaͲischemia. This showed that doxycycline has
potentialasatreatmentforhypoxicͲischemicbraininjuryintheneonate.
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Symbolsandabbreviation
2D 2Ͳdimensional
3D 3Ͳdimensional
ɲ FlipͲangle
ADC ApparentDiffusionCoefficient
ATP AdenosineTriͲPhosphate
B0 Staticmagneticfield
B1+ Excitation/transmitfield
B1Ͳ Receivefield
BBB BloodBrainBarrier
Ca Calcium
CD68 ClusterofDifferentiation68
Cl Chlorine
CNR ContrasttoNoiseRatio
CNS CentralNervousSystem
COX Cyclooxygenase
CSF Cerebrospinalfluid
DNA Deoxyribonucleicacid
DTI DiffusiontensorImaging
DWI Diffusionweightedimaging
EPI EchoPlanarImaging
FA Fractionalanisotropy
FID FreeInductionDecay
FLASH FastLowAngleShot
FOV FieldͲofͲview
GFAP Glialfibrillaryacidicprotein
GS GlutamineSynthetase
ɶ Gyromagneticratio
1H Proton
Ŝ Planck’sconstant
HE HematoxylinͲEosin
HI HypoxiaͲischemia/HypoxicͲischemic
HIE HypoxicͲischemicencephalopathy
IL Interleukin
iNOS induciblenitricoxidesynthase
ip Intraperitoneal
IVH Intraventricularhaemorrhage
Kg kilogram
l litre
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||O  Axialdiffusivity
AO  Radialdiffusivity
M Molar
m metre
MAPͲ2 MicrotubuleͲassociatedprotein2
MBP MyelinBasicProtein
MD Meandiffusivity
ME Manganeseenhanced/manganeseenhancement
MEMRI ManganeseenhancedMRI
mg milligram
min minute(s)
ђl microlitre
ml millilitre
mM millimolar
MMP Matrixmetalloproteinases
Mn Manganese
MnSOD ManganeseSuperoxideDismutase
MRI Magneticresonanceimaging
MRS Magneticresonancespectroscopy
MSME MultisliceMultiecho
MTX Acquisitionmatrix
Na Natrium(Sodium)
NA Numberofaverages
NFͲʃB NuclearFactorkappaBeta
nNOS neuronalnitricoxidesynthase
NO Nitricoxide
P7 Postnatalday7(day7afterbirth)
PVL Periventricularleucomalacia
RARE RapidAcquisitionwithrelaxationenhancement
RF Radiofrequency
ROI Region(s)ofInterest
SAR SpecificAbsorptionRate
SNR SignaltoNoiseRatio
T Tesla
T1 Longitudinalrelaxation
T2 Transverserelaxation
TE Echotime
TR Repetitiontime
ʘ0 Larmorfrequency

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Chapter1 Generalintroduction
1.1 HypoxicǦischemicbraininjury
HypoxiaͲischemia(HI) isoneofthemostcommoncausesofbrain injury innewbornchildren
and it occurs, depending on the definition, in between 1Ͳ6 per 1000 liveͲborn children in
developed countries (Ferriero 2004;McGuire 2007). Early recognition and definition of the
severityofhypoxicͲischemic injury isdifficult,especially intheprematurelyborn infants,and
thissometimes impedesthe initiationofearlytreatment.Inaddition,thecurrenttherapeutic
options for treating or preventing hypoxicͲischemic injuries are limited and the longͲterm
effectsarestillunknown(Ferriero2004;GonzalezandFerriero2009).HypoxicͲischemicinsults
may cause both acute brain injury and initiate cascades leading to delayed injury and cell
deaththataffectsbothgreyandwhitematterdevelopmentwithanincreasedriskformental,
cognitive, motor and sensory problems in childhood, adolescence and adulthood. These
injurieshaveconsequences for the individuals’daily living, schoolandworkperformanceas
wellasforthepublichealthsystemandsociety,andincreaseduseofresourcesareneededto
treatandassistthesepatients(Volpe2009).
1.1.1 AetiologyofhypoxicǦischemicinjury
HypoxiaͲischemiaisthecombinationofreducedoxygensupplyandrestrictedbloodsupplyto
anorgantissue. Intheperinatalperiod,cerebral injuryasaresultofahypoxiaͲischemiamay
takeplaceinpregnancy,duringbirthorintheneonatalperiod.Inpregnancy.hypoxiaͲischemia
may occasionally be caused by maternal trauma, hypotension or uterine haemorrhage.
However, factorssuchaspreeclampsia,placenta infarctions, intrauterinegrowth retardation
andinfectionsaremorelikelytopredisposeforHIduringlabouranddeliverybycompromising
theplacentalblood flow (Volpe2008).Themajor causeofhypoxiaͲischemiaaroundbirth is
asphyxiawithintrauterinedisturbanceofgasexchangeacrosstheplacentaleadingtocardiac
insufficiencyandlossofcerebrovascularautoregulationinuteroandattimeofbirth.Thismay
becausedbyplacentalabruption, interruptionofnavalcordcirculation (e.g.cordprolapse),
prolongedlabourordirecttraumatothefoetalhead,amongothers.Intheperiodafterbirtha
majorcauseisrespiratoryandcardiacinsufficiencycausedbyforinstanceobstructedairways
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(e.g. meconium aspiration), respiratory depression due to effects of drugs (e.g. opiates),
respiratory distress, repetitive apnoea, patent ductus arteriosus or severe congenital heart
failure. Furthermore, postnatal circulatory insufficiency secondary to persistent foetal
circulationorvascular collapse, suchas causedby severe infections,aremajor causesofHI
(McGuire2007;Volpe2008).Althoughthebrain isoneofthemostvulnerableorgansdueto
itshighenergyandoxygenconsumption,hypoxiaͲischemiausuallyaffectsmultipleorgansof
thebody.ThehypoxicͲischemicneonatesarethereforeofteninneedofadvancedlifesupport,
and thesecritically illchildrenaremore likely tohave fluctuatingbloodpressuresandblood
oxygenlevelsduetoimpairedcerebrovascularautoregulationthatincreasesthesusceptibility
ofandcanexacerbatehypoxicͲischemicinjury(McLeanandFerriero2004).
1.1.2 Neonatalencephalopathy
NeonatalhypoxicͲischemicbrain injury iscommonlyrecognizedbasedonanencephalopathy
that evolves over days after birth. The neonatal encephalopathy is a syndrome that is
characterizedbydisturbedneurologicalfunctionwithalteredlevelsofconsciousness,reduced
muscle tone, abnormal reflexes, respiratory problems, poor feeding and often seizures
(Johnston et al. 2002; Ferriero 2004; Johnston et al. 2011). However, in some infants the
presenting signs and symptoms are subtle and hard to recognize. Furthermore, in the
prematurelyborn infantsmanyofthesamesignscanbeattributedtothe immaturityofthe
nervoussystem.Thedifficulty inrecognisinghypoxiaͲischemiamay leadtodelayeddiagnosis
withconsequencesfortreatmentandsubsequentneurologicalsequela.
Although hypoxiaͲischemia is a major cause of neonatal encephalopathy, several other
pathologicalconditionsmaycausethesamesymptomsandsigns, includingarterialstrokeor
venous thrombosis, intraventricular haemorrhage (IVH), traumatic brain injury, infection,
inbornmetabolicdisorders and intoxications, amongothers. It is important todifferentiate
between the different underlying conditions, since treatment, prognosis and followͲup are
different. However,many of these underlying pathologies have overlapping aetiology and
pathophysiology, and may also be complicated by concurring hypoxiaͲischemia (Ferriero
2004).
1.1.3 Injurypatternsaredefinedbythevulnerabilityoftheneonatalbrain
Differentpatternsof injuryareobservedafterhypoxicͲischemic injury.Theyare linkedtothe
nature of the insult and to selective vulnerability of different brain cells at different
developmental stages. In addition, the regional vulnerability of the blood supply is a
determining factor for the pattern of injury, as injury is usuallymore severe in the border
zonesbetweenmajorcerebralarteries(Volpe2009).Theperiventricularareahasaparticularly
vulnerable blood supply in preterm children. Reflecting this, intraventricular haemorrhage
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(IVH)andperiventricular leucomalacia (PVL)aremostfrequentlyobserved intheseneonates
bornbeforegestationalweek32(Johnstonetal.2002;Ferriero2004).PVLprimarily leadsto
white matter injury that is caused by death of differentiating preͲoligodendrocytes and
subplate neurons. The maturationͲdependent characteristics of these cells make them
particularly vulnerable to excitotoxicity and free radical attacks causedbyhypoxiaͲischemia
and inflammation.Lossofthesecellsresults inreducedmyelinationandaxonaldegeneration
ultimately leading to impairedcorticaland thalamicdevelopment (Volpe2009). In termand
nearͲterm children, blood supply is particularly vulnerable in the parasagittal areas.Hence,
injury of the parasaggital cortex and adjacentwhitematter is a frequent pattern in these
neonates.Selective injury toneurons indeepgreymatterstructures likethalamusandbasal
gangliaaswellassensoriͲmotorcortexdominateswithmoresevereandprolongedhypoxicͲ
ischemic insults (Johnston et al. 2002; Ferriero 2004; Volpe 2008). These patterns are also
relatedtotheincreasedsusceptibilityforglutamateexcitotoxicityandoxidativestressatthat
timeofbraindevelopmentwhichaffectneurons inparticular (Johnstonetal.2002;Ferriero
2004). The reduced antioxidative defence and high iron content of the neonatal brain
contribute to the susceptibility to free radical and oxidative stress. The vulnerability of the
neonatalbrainisfurtherenhancedbyitsreducedcapacityofcerebrovascularautoregulation.
This increases the risk of cerebral hypoͲ and hypertension, both damaging for the brain
(McLeanandFerriero2004).
1.2 PathophysiologyofhypoxicǦischemicinjury
In contrast to ischemic injury in adults, hypoxiaͲischemia in the neonatal brain results in a
injurywithneuronaldeath thatevolvesoverhours,daysandweeksafter theprimary insult
(Nakajimaetal.2000;Geddesetal.2001;Ferriero2004;Northingtonetal.2005).Duringthe
insult, hypoxiaͲischemia results in an energyͲdepletion in the brain.After resuscitation, the
energybalance in thebrain is at leastpartially restored,only to suffer a secondary energy
failureabout24hoursafterthehypoxicͲischemicinsult(Volpe2008;Johnstonetal.2011).This
isnoticeableintheclinicalsetting,whereonsetofseizuresandothersignsofencephalopathy
are often delayed (Johnston et al. 2011). The series of events thought to evolve after a
hypoxicͲischemic insult, startswith an excitotoxic cascade. The excitotoxicity is thought to
exacerbate the initial energy failure and to initiate cellularevents leading to the secondary
energyfailureandultimatelycelldeath(Johnstonetal.2002;McLeanandFerriero2004). In
addition, inflammation plays an important role in early and late events following hypoxiaͲ
ischemia (Volpe2009; Johnstonetal.2011).The followingparagraphs firstdiscuss theearly
events leadingtocellular injuryandthenfocusonthedelayed injurywith inflammationthat
ensues.

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Figure 1.1: Putative evolution of brain injury after hypoxiaͲischemia with timing of the
differentpathophysiologicalelements.

1.2.1 Earlyenergyfailureandcelldeath
HypoxiaͲischemiareducesthecell’sabilitytoproduceenergyͲrichphosphatecompounds,such
asATP.Thesecompoundsarenecessaryformaintainingthecellmembranepotentialandvital
cellfunctions.ThedepletionofenergyͲrichphosphatecompoundsresultsinaseriesofevents,
detrimentalforcellsurvival.ItstartswiththefailureoftheATPͲdependentNa+/K+pumpinthe
outer cellmembrane.With a severe insult, this leads to a rapid influx and accumulationof
intracellularNa+with subsequent influx of ClͲ. This causes an osmotic gradient that brings
increasedwaterintothecell.Theconsequenceisarapidcellswellingandlysiswithmembrane
disintegration–anecroticcelldeath(Dirnagletal.1999;Volpe2008).Thecellswellingisalso
thepathophysiologicalprocess that liesbehind the cytotoxicoedema that ensuesonly few
hoursafterahypoxicͲischemicinsult,andcanbedetectedbydiffusionMRI(Volpe2008).
With a less severe insult, the reduction in the cell membrane potential leads to a
depolarization of the cellwith subsequent high intracellular Ca2+. In neurons, this initiates
severalcascades:HighintracellularCa2+leadstothereleaseofexcitatoryaminoacids–among
these,glutamate–fromaxonterminalsintothesynapticcleft.Glutamatebindstoreceptorsin
thedendriticcellmembraneoftheneighbouringneuronscausing influxofCa2+ intothecell.
This triggersacascadeofspreadingdepolarizationand releaseofglutamate fromneuron to
neuron.Glutamate in the synaptic cleft isnormally takenup intoastrocytes,but thisactive
uptake isdrasticallyreducedsince itdependentsonenergyͲrichphosphatecompounds.This
contributes to an accumulation of glutamate in the synapses that further spills into the
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surrounding extracellular space. The high extracellular glutamate sustains the continuous
excitatorydepolarizationwithinfluxofCa2+intothecellsduetoactivationofNMDAͲreceptors
andvoltageͲgatedCa2+Ͳchannels.Duetotheenergydepletionofthecell,ATPͲdependentCa2+Ͳ
pumps fail and normal Ca2+Ͳbalance with low Ca2+ concentration in cytosol cannot be reͲ
established(Martinetal.1998;McLeanandFerriero2004;Volpe2008).Theseevents,termed
excitotoxicityisgenerallythoughttoinduceaseriesofeventsthatleadtoasecondaryenergy
failureanddelayedcelldeath.
1.2.2 Secondaryenergyfailureandcelldeath
TheexcitotoxicprocessmayleadtocelldeathbyseveralroutesthatcoͲexistandareinitiated
by the high intracellular Ca2+ (Johnston et al. 2002). One is the activation of proteases,
nucleasesand lipases,which lead todisruptionofcellcytoskeleton,damage to thenucleus,
and injury to the cellmembranes, respectively. All of these events ultimately lead to the
disintegrationofthecell(Volpe2008).
Thehigh intracellularCa2+alsocausesoxidativestressthroughactivationofxanthineoxidase
andneuronalnitricoxidesynthase(nNOS)leadingtoproductionoffreeradicalslikehydrogen
perioxidase(H2O2),hydroxylradicals(OH),nitricoxide(NO)andperoxynitritecausingdamage
to intracellularproteinsandDNA (Johnstonetal.2011).NOalso induces theproductionof
radical oxygen species in the mitochondria, leading to impaired mitochondrial function
(McLeanandFerriero2004).Theoxidativestresscanbefurther increased inthereperfusion
phase due to high blood oxygen concentrations boosting the production of free oxygen
radicals.Nearbyinflammatorycells,likemicroglia,canaugmentalltheseeventsbytherelease
of free radicals, especiallyNO.Mitochondrial failure leads to further energy depletion and
intracellular accumulation of lactic acid. ProͲapoptotic proteins are released from the
mitochondria intocytoplasmand triggercellularapoptosis (programmedcelldeath) through
activationofcaspase3andDNAͲfragmentation (Johnstonetal.2011).Apoptosiscanalsobe
triggereddirectlybyhighintracellularCa2+throughdirectactivationofcaspase3.
1.2.3 Delayedcelldeath
The mechanisms discussed above lead to either early or delayed cell death. In neonatal
hypoxiaͲischemiaearlyneuronaldeath ismostlynecroticandconfined to the ischemiccore,
whiletheprolongedanddelayedneuronaldeathseenfordaysandweeksaftertheHI insult
seemsrelatedtoprogrammedcelldeathinsurroundingareasthathaveonlysufferedamildHI
(Johnston etal.2011).This temporalpatternofearly anddelayed celldeath isdifferent in
differentbrainregions.InaratanimalmodelofhypoxiaͲischemia,neuronaldeathincerebral
cortex, subcortical and periventricularwhitematter and striatum is largely necroticwith a
rapid onset,whereas neuronal death in thalamus and hippocampus is delayed and largely
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apoptotic (Nakajima et al. 2000; Northington et al. 2001a; Northington et al. 2001b;
Northington et al. 2001c). It also seems clear that cellular death followingHI is not either
necrosis or apoptosis, but that a continuum from necrosis to apoptosis existswith hybrid
forms of cell death, such as programmed necrosis (Martin et al. 1998).  This continuum is
especiallypresent inneonates (Nakajimaetal.2000;Northingtonetal.2007).The longand
delayed injury process following hypoxiaͲischemia has presented a possible window of
opportunity for therapeutic intervention (Nakajima2000,Vannucci2004,Northington2005),
but it is stillunclearhow thisprocessofdelayedneuronaldeath is triggeredand sustained.
However, inflammation seems to play a role in this delayed cell death following hypoxiaͲ
ischemia.
1.2.4 Inflammation
HypoxiaͲischemia triggers a robust inflammatory response in the neonatal brain involving
differentcellular types, inflammatorymediatorsand intracellularsignallingmechanisms.The
inflammatoryresponse isacomplexbalancebetweendifferentelements. It is thought tobe
beneficial as a host defence against pathogens and to promote angiogenesis, tissue
remodellingand regenerationafteran injury.However,with insultsofa certainmagnitude,
theresponseseemstogetoutofhandandbecomedestructive.
TheinitiatingfactoroftheinflammatoryresponseafterHIistheupͲregulationofinflammatory
mediators: ProͲinflammatory cytokines, such as Interleukin 1ɴ (ILͲ1ɴ) and tumour necrosis
factorͲɲ (TNFͲɲ) have distinct increased expression early (<3 hours) and later (around 24
hours)afterhypoxiaͲischemia(Saitoetal.1996;Bonaetal.1999).Theypromote expression
ofothercytokinesandactivationofadhesionmoleculesleadingtoattractionandactivationof
immunecells(Vexleretal.2006).Experimentalinductionofsuchcytokineshasbeenshownto
increasebrain injury,while inhibitionhave reducedbrain injuryafterHI (Vexleretal.2006).
Transcriptional factors, such as Nuclear Factor kappa Beta (NFͲʃB), are also induced after
hypoxic ischemic insult and involved in regulating inflammation in a complexmanner. For
instance,NFͲʃBpromote cell survivalbyupͲregulationof antiͲapoptotic factors in the early
phaseafterHI,butpromoteexpressionofanumberofproͲinflammatorycytokinesandproͲ
apoptoticfactorsinthelatephaseleadingtoincreasedapoptosisandinflammation(Nijboeret
al.2008b,2008a).
ChemoͲattractant cytokines or chemokines are also expressed after HI and are thought to
promotetheactivationandmigrationofmacrophages,monocytesandneutrophilicleucocytes
tothelesionsite(Cowelletal.2002;Vexleretal.2006).Theincreasedactivationofadhesion
molecules in vascular endothelium further promotes themigration of leucocytes from the
bloodstreamand into thebrain.Macrophage invasionusuallyoccursbetween threeandsix
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daysafterischemiaandismorepronouncediftherearelargeareasofnecrosisandtheblood
brainbarrier(BBB)isdisrupted(Barron1995).Thesecellscontributetotheinflammationafter
HIby secretionof cytokines and free radicals,but alsowithphagocytosisofdead cells and
debris(Vexleretal.2006).InseverehypoxicͲischemicinsults,thehighinflammatoryactivityin
combination with astrocyte death leads to disruption of the BBB. The ensuing oedema is
vasogenic innatureand iscausedby increasedbrainwatercontentasaconsequenceofthe
increased leakageofproteins frombloodplasma into theextracellularspace (Hudomeetal.
1997;Vannucci andVannucci2005).Animal studieshave shown thatbrainoedema appear
early in the first hours afterHI.Depending on the severity ofHI, brain oedema reaches a
maximumbetween36and72hours,butmaybepresentupto6daysafterHI(Vannucciand
Vannucci2005;Volpe2008).
Microglia
Moreimportantthanrecruitmentofcirculatingleucocytesistheactivationthemicroglialcell–
theresidentmacrophageoftheCNS.Thisistheonlyglialcellofthebrainthatoriginatesfrom
a blood cell line. In neonatal HI injury it is one of the key elements of the inflammatory
response. Shortly after hypoxiaͲischemia resting, ramifiedmicroglia become activated and
transform into round, amoebic shapedmacrophages and start to proliferate andmigrate
towards the lesion sites (Bonaetal.1999;Chewetal.2006).Microglia isactivated through
several mechanisms, including cytokines, release of intracellular contents after necrosis,
disruption of tissue or invadingmicroorganisms like bacteria (Chew et al. 2006). Activated
microglia upͲregulates and presents several surface molecules necessary for antigen
presentation,molecules that facilitatemigration and surface receptors. Stimulation of the
latterenhancestheproductionandsecretionofchemokinesandcytokines,whichpotentiates
theinflammatoryresponseandleadstomoreactivationofmicroglialcells.Activatedmicroglia
alsosecretesmatrixmetalloproteinases(MMP),enzymesthatparticipate inthedisruptionof
the BBB, but primarily degrade the extracellularmatrix and thereby allow phagocytosis of
damaged tissue. The efficiency of phagocytosis is further increased by activation of the
complementcascade(Cowelletal.2003;Chewetal.2006).Phagocytosisofdebrisanddead
cells starts approximately 24 hours after the hypoxicͲischemic insult (Barron 1995). It is an
important functionof themicrogliaand is thought to limit the inflammatory reaction to the
lesionsite.However,inneonatalhypoxiaͲischemia,theactivatedmicrogliaseemsalsotohave
amoredamagingrolethroughproductionoffreeradicalsandprostaglandins.
Activatedmicrogliaproduce freeradicals likesuperoxide (O2ͼͲ)andnitricoxide (NO) thatare
neurotoxic(Lietal.2005;Blocketal.2007).Thesefreeradicalsalsoreacttoformthepowerful
oxidant peroxynitrite (ONO2о)which is an evenmore neurotoxic compound and has been
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implicated as an important factor in neuronal and oligodendrocyte death, inducing both
apoptoticandnecroticcascades(Lietal.2005).
Prostaglandinsareproducedfromarachidonicacid(AA)bycyclooxygenase(COXͲ1orCOXͲ2)in
response tohigh intracellularcalciumcausedby theenergy failuredue tohypoxiaͲischemia,
mainlyinmicrogliaandastrocytes. Prostaglandinmetaboliteshavearole inregulatingblood
flow and can cause vasodilatation and vasoconstriction, but are also potent inflammatory
mediatorsandcanbeneurotoxic.Thisdiversitymayinpartberelatedtothelocationandwhat
typeofprostaglandinmetabolitethat isproduced.COXͲ1 isconsideredtoprovideabaseline
level of prostaglandin and is located inmost cell types, and the prostaglandinmetabolites
downstreamofCOXͲ1seemtohavebeneficialeffects inbrain ischemia.COXͲ2 is inducedby
ischemia and inflammation and its downstreammetabolites havemore deleterious effects
(Vexler et al. 2006). All thesemechanisms contribute to the prolonged inflammation and
microgliaactivationseeninbraininjuryintheneonatalperiod.
Astrogliosis
It is increasingly recognised that astrocytes play an important role in brain inflammation
followinghypoxiaͲischemia. InresponsetoCNS injury,astrocytesbecomereactive;aprocess
namedastrogliosis. It ischaracterizedby theappearanceofproliferatingastrocytes thatare
gemistocytic in appearance: They have swollen cytoplasm, eccentric nucleus and show
increased intracellular content of intermediate filament proteins, especially glial fibrillary
acidicprotein(GFAP).IncreasedGFAPisconsideredahallmarkofastrogliosisandfoundtobe
asensitivebiomarkerforCNS injury  (Zhangetal.2010).Astrogliosis isseensomewhat later
than the activation ofmicroglia, but occurs within 24 hours after hypoxicͲischemic injury
(Ohno et al. 1995;McRae et al. 1996).Microglia play an important role in triggering and
modulatingastrogliosis,andithasbeenshownthatproͲinflammatorycytokinesreleasedfrom
microglia induce astrogliosis (Bush et al. 1999; Zhang et al. 2010). Astrogliosis, with the
formationofglioticscarsisthoughttolimitanddefinethelesionsite.Thereactiveastrocytes
contributetomaintainingandrepairingtheBBBafterCNSinjury,andtheyplayacrucialrolein
regulating glutamate and restrict glutamate excitotoxicity toneurons andoligodendrocytes.
Increased neuronal death and exacerbated tissue degeneration have been shown in the
absence of reactive astrocytes (Bush et al. 1999; Zhang et al. 2010). Also, under normal
conditions,astrocytesprovidesupportandguideaxonalgrowthafterCNSinjury.However,the
glial scares formed by astrogliosis can inhibit axonal regeneration since they, instead of
providing guidance, represent physical barriers to the growing axons (Privat 2003).
Furthermore,astrogliosiscanalsobedamagingtoneuronsandothercellsandexacerbateCNS
damage:Reactiveastrocytessecrete inflammatorymediators,suchascytokines,chemokines
and iNOS,whichcontributetothe inflammatoryresponseandneuronalandoligodendrocyte
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deathbymechanismsdescribedabove (Vexleretal.2006;Zhangetal.2010). Inflammatory
stimulationofTNFͲɲreceptorsonastrocytescanalso inhibitglutamate transporters, leading
to increasedglutamate in theextracellular spaceand synapses,and increasedexcitotoxicity
(Pickeringetal.2005).
1.3 InterventionsandtreatmentsforhypoxicǦischemicbraininjury
1.3.1 Currenttreatmentregimes
TheaimoftreatmentistominimizemortalityandtoreducetheshortandlongͲtermdamage
tothenervoussystemwithminimaladverseeffects.Apartfromhypothermia,thetreatment
optionsforhypoxicͲischemicinjuryarelimited,andcurrentclinicalpracticeislargelybasedon
supportive therapy: inotropic support and fluids tomaintain adequate blood pressure and
circulation,correctionofmetabolicacidosis,correctionofhypoglycemia,seizurecontrol,and
respiratory supportwith supplementary oxygen tomaintain adequate oxygen saturation in
tissue.
Hypothermia is increasingly being adopted into standard treatment regimes for hypoxicͲ
ischemic encephalopathy. In several animal studies, hypothermia has been shown to be
neuroprotective (Jacobs and TarnowͲMordi 2010). Themechanisms are uncertain, butmay
include reduction ofmetabolic rate, reduced the level of secondary cellular energy failure
(Thoresen et al. 1995), reduced excitotoxicity, reduced production of free radicals in brain
(Globus et al. 1995) and reduced apoptosis (Edwards et al. 1995). Although, several early
clinical studies failed to show any positive effects on outcome after treatment with
hypothermia(McGuire2007),recentclinicalrandomizedcontroltrialsandmetaͲanalysesshow
reducedmortalityandareductioninmoderatetoseveredisabilitiesaround2yearsafterbirth
(Shankaranetal.2005;Edwardsetal.2010;Jacobsetal.2011).Althoughchildrentreatedwith
hypothermiahave increased riskofbradycardiaand coagulopathyandare inneedofmore
inotropic support and blood transfusions (Eicher et al. 2005), the current view is that
hypothermia,eitherbywholebodycoolingorselectiveheadcooling, issafe intermornearͲ
term neonates. In preterm born children, there is concern that hypothermiamay be too
dangerous due to complications like enhanced bleeding. It is therefore a great need for
continuedresearchintoneuroprotectivetherapies,especiallyforpreterminfants.
1.3.2 Oxygensupplementationduringresuscitation–adetrimentalintervention?
Althoughitiswidelyacceptedthattoomuchoxygenintheperinatalperiodcanbedamaging,
therehasbeenalongstandingcontroversyofwhethertoresuscitateasphyxiatedchildrenwith
oxygenorair.The rationalebehindgivingoxygensupplementationduring resuscitation is to
rapidly reverse the tissue hypoxia. However, high blood oxygen concentrations in the
reperfusionphasehavebeenshowntoreducecerebralbloodflow(Davisetal.2004),leadto
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increasedoxidativestress(Kutzscheetal.2001;Davisetal.2004),disrupttheBBB(Wittetal.
2008) and deplete preͲoligodendrocyte glial progenitors present in the cortex (Koch et al.
2008).Recently(2010),clinicalguidelineshavebeenchangedandnowrecommendnotmore
than 40% supplemental oxygen at the start of resuscitation, only to be increased if no
adequate response isachieved.Evidence frombothanimaland clinical studies suggest that
hyperoxia during resuscitation of neonates increasesmortality andmorbidity (Davis et al.
2004; Saugstad 2005; Saugstad et al. 2008), but literature on long term effects of oxygen
treatmentonbraininjurydevelopmentissparse.
1.3.3 Treatmentstoreducedelayedcelldeathandinflammation
Due to the prolonged and delayed apoptotic cell death after hypoxicͲischemic injury,
interventionsaiming toameliorateapoptosisbydirectpharmacological inhibitionhavebeen
sought. Several different drugs and targets have been investigated in animalmodels using
inhibitionofapoptoticpathways(Chengetal.1998;Hanetal.2002;Fengetal.2003a,2003b;
FengandLeBlanc2003; Jolyetal.2004;Yinetal.2006;Nijboeretal.2007;Renolleauetal.
2007; Nijboer et al. 2010; Nijboer et al. 2011). Inhibition of apoptosis may provide
neuroprotection after HI. However, apoptosis is a necessary mechanism for the natural
growth, development andmaturation of the neonatal brain, and the consequences for the
subsequent brain development or risk formalignancies are still unclear (Northington et al.
2005).
As discussed above, the inflammatory response contributes to cell death after HI, and
inhibitioncanthereforebebeneficial.CorticosteroidshaveantiͲinflammatoryeffectsandmay
also reduce cerebral oedema, but the results from animal studies and clinical trials are
conflicting.AntenatalsteroidsmayreduceHIbraininjury,butisalsoassociatedwithreduced
myelinationandatrophyofbrainregions(WhitelawandThoresen2000).Currentclinicaldata
suggests that corticosteroids do not improve neurological outcomes (McGuire 2007). As
discussedabove,cytokinesplayanimportantroleininitiatingandsustainingtheinflammatory
response. Inhibitionofcytokineproductionandtheireffectsarethereforepossibleroutesto
neuroprotection.TheILͲ1receptorantagonistILͲ1rahasbeenshowntoreduceHIbraininjury
in adult rodents (Martin et al. 1994; Loddick andRothwell 1996;Mulcahy et al. 2003), the
samehasbeenshownforILͲ6(Loddicketal.1998).Inadditiontotheantioxidativeeffectsof
allopurinol, ithasalsobeenshownthatallopurinoldepletesneutrophilic leucocytes,which in
itself is neuroprotective (Hudome et al. 1997; Palmer et al. 2004). Recently amulticenter
randomizedplacebocontrolledtrialwasinitiatedtolookattheeffectofantenatalallopurinol
onbraindamageafterbirthasphyxia(Kaandorpetal.2010).
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ThesecondͲgenerationtetracyclines;doxycyclineandminocyclinehavebeenshowntoexhibit
antiͲinflammatoryeffects inadditiontotheirantiͲbacterialproperties(Bulleretal.2009)and
havebothbeen investigatedforpossibleneuroprotectionafterbrainhypoxicͲischemic injury.
Theneuroprotectiveeffectofdoxycyclinewas first shownbyClarketal. (1994) in ischemic
brain injuries inadultrabbits,andaneuroprotectiveeffectofminocycline inneonatalHIwas
demonstrated by Arvin et al. (2002). Several reports have then followed showing
neuroprotectiveeffectsofminocyclineanddoxycyclineinratmodelsofhypoxicͲischemicbrain
injury, mainly through inhibition of microglial activation and antiͲapoptotic mechanisms
(Jantzieetal.2005;Caietal.2006;Fanetal.2006;Jantzieetal.2006;Cartyetal.2008;Jantzie
andTodd2010;Wixeyetal.2011).However,moststudieshavefocusedonshortͲtermeffects,
up to seven days after HI. It is therefore uncertain how doxycycline affects the injury
developmentinthelongtermandiftheearlyneuroprotectiveeffectscanbeextrapolatedtoa
longtermfollowͲup.NoonehassofarusednonͲinvasivemethodstofollowandevaluatethe
longͲterm effect of antiͲinflammatory treatments of hypoxicͲischemic brain injury. Such
methods, like magnetic resonance imaging, may provide better insight to the effect of
treatment on injury development, brain maturation and development and to the
pathophysiological processes underlying the delayed dell death and injury after hypoxiaͲ
ischemia.
1.4 MagneticresonanceinneonatalhypoxicǦischemicbraininjury
Magneticresonanceimaging(MRI)hasbecomeanimportantclinicaltoolandisthepreferred
imagingmodality for assessmentofneonatalhypoxicͲischemicbrain injury (Volpe 2008). In
thissetting,theprincipaluseofmagneticresonance(MR)istoprovideearlydiagnosissothat
appropriatetreatmentcanbeinitiatedandtodetectlesionsthatallowpredictionoflongterm
prognosis and outcome (Robertson and Wyatt 2004). One primary use of MRI is to
differentiate between hypoxicͲischemic injuries and those caused by for instance arterial
stroke, venous thrombosis, intraventricular hemorrhage, traumatic brain injury or infection
thatmay cause similar symptoms and signs. In the followingparagraphs,MR in relation to
hypoxicͲischemicbraininjuryinneonateswillbediscussed.
1.4.1 MRintermneonates
MRIintheacutephaseofneonatalbraininjuryhasmostlybeenrestrictedtothetermornearͲ
termneonateswithsignssuggestiveofhypoxicͲischemicbrain injury.Inthissetting,diffusion
weighted imaging is themost sensitive imagingmethod,and restricteddiffusion inaffected
areasmay be seen as early as in the first hours after the insult. However, the signal on
diffusionweightedimagesmaynormalizeduringthefirst24Ͳ48hoursiftheinjuryismild,and
usuallynormalizesinmoreseverelyinjuredareasduringthefirstweek.Sofar,earlydiffusion
MR has not been shown to be as good a prognostic tool, as it has been in adult stroke
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(RobertsonandWyatt2004).AbnormalitiesonconventionalMRIsuchasT1ͲandT2Ͳweighted
imagesareusuallydetectable3to4daysafterthehypoxicͲischemicinsult.ConventionalMRI
in the first48hoursmayhoweverbemisleadingas theymostlyappearnormaleven in the
presenceofsevereHI injury.ThesensitivityofconventionalMRI indetecting lesionsthatare
correlated with adverse outcome increases with time after birth. Conventional MRI is
thereforemostappropriatelyperformedtowardstheendofthefirstweekafterHI(Robertson
andWyatt2004). Thepatternsof injuryonbothearlydiffusionMRIand laterconventional
MRI are closely correlated with the underlying pathologies and are good methods for
differentiating between focal and global injuries (Volpe 2008). However, even though the
sensitivityofMRImaybegood,thespecificityofMRItopredictadverseoutcomeshasbeen
poor(Thayyiletal.2010).ThefindingonMRIthatismostpredictiveforpooroutcomeissignal
changeintheposteriorlimboftheinternalcapsule(RobertsonandWyatt2004).
Magnetic resonance spectroscopy (MRS)with 31Pand 1Hhaveon theotherhandproved to
give valuablediagnostic andprognostic information in the veryearlyphase (Robertson and
Wyatt 2004). 31P MRS can give valuable information about the energy failure following
hypoxicͲischemic insultswith reduced levelsofphosphocreatine (PCr)afterapproximately8
hoursandcanalsobeusedtomeasuretheincreaseinintracellularpH(Volpe2008).Increased
lactateon 1HMRS isanabnormal finding in the first24hoursafterHI innearͲtermor term
childrenandcarriesabadprognosistogetherwithreducedNͲacetylaspartate(NAA).Increased
ɲͲglutamate /glutaminepeaks inbasalgangliaarealsocorrelatedwith increased severityof
the injury. FurthermoreMRS have shown that abnormal brainmetabolism can persist for
monthstoyearsininfantswithsevereoutcomeafterhypoxicͲischemicbraininjury(Robertson
andWyatt2004).
1.4.2 MRinpretermneonates
Also inpretermchildren,restricteddiffusion inaffectedareas isanearly finding,butusually
normalizes within the first 10Ͳ12 days. Increased signal on T1Ͳweighted images, reflecting
hemorrhagicnecrosismayalsobepresent (Osborn2007).However, theclinical instabilityof
preterm born children does not usually allow MRI to be performed early and is usually
postponeduntilweeksafterbirth.AchallengewithMRI inthepreterms isthatthesignalon
MRIand theconfigurationof theprotonMRspectraarealteredwithgestationalageas the
brainmatures.Oneof theunderlyingmechanisms for this signalchange is thematurational
developmentofwhitematterthatoccursintheperinatalperiod(Volpe2008).Thismakesthe
recognition of abnormal signal changes and distinction from normalmaturational changes
challenging.One approached has therefore been to image the prematurely born infants at
termequivalentage.Ventriculardilation,periventricularvolumeloss,cysticchanges,ormore
frequentlydiffusewhitemattersignalmaybefoundintheseprematureinfants(Osborn2007).
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Suchwhitematterabnormalitiesasdiffuseexcessivehighsignal intensity (DEHSI) incerebral
whitematteronT2Ͳweighted imageshavebeencorrelatedwithaltereddiffusionproperties,
and isthoughttoreflectthepathologicalstateofdiffusenonͲcysticPVL(Volpe2008;Cheong
et al. 2009). However, this view has been challenged, as these white matter signal
abnormalitiesmightalsoreflectaprematurityrelateddevelopmentalphenomenon(deBruine
etal.2011).
1.4.3 MRIinrodentmodelsofneonatalhypoxicǦischemicbraininjury
Advantages of animalmodels are the possibilities to control experimental conditions (e.g.
timing and magnitude of the insult), examine tissue and cellular reactions, measure
biochemical substrates in the brain and test the effects of potential interventions and
treatments.  However, since the evaluation of tissue, cellular and biochemical processes
mostlyrelyonexͲvivomethods,moststudies inanimalmodelsofneonatalhypoxiaͲischemia
are limited todataononlyone timeͲpointperanimal.OnegreatadvantageofusingMRI in
suchstudies isthepossibilityofrepeatednonͲinvasiveexaminationsandmeasurementsthat
allow longitudinalstudiesofthepathophysiologicalprocesses.Bycombining longitudinalMRI
and exͲvivo techniques, such as immunohistochemistry, it is also possible to extract new
knowledgeofthetissuechangesunderlyingthesignalchangesonMRI.
Inrecentyears,MRIhasbeenincreasinglyusedinrodentmodelsofneonatalhypoxicͲischemic
braininjurytostudythepathophysiologyandinjurydevelopment(seeTable1.1).Themajority
ofthefirstoftheseMRIstudieswerefocusedonimagingduringandveryearlyafterHI.Using
primarilyT2Ͳweightedanddiffusionweightedimaging,theyshowedthatHIinducedrestricted
diffusion and increased tissue T2 during hypoxia. This was followed by more or less
normalization of tissue diffusion and increasing T2 in the following days. These changes in
diffusionandT2 reflected the severityof the insult (Rumpeletal.1995;Albensietal.1998;
Tuoretal.1998;Maliszaetal.1999;Tuoretal.1999;Qiaoetal.2004;Mengetal.2005;Meng
et al. 2006). Some studies have also tried to correlate early changes on diffusion and T2Ͳ
weighted imagingandspectroscopyto later infarctvolumesandshownthatearlydecreased
NAA and increased lactate, aswell as restricteddiffusion24hours afterHI correlatedwith
infarctvolumes (Maliszaetal.1999;Wangetal.2006;Wangetal.2007;vandeLooijetal.
2011).ThetemporalinjurydevelopmentafterHIhasalsobeenexamined.Studieshaveshown
howtheinjuryincreasesduringthefirstdays(Albensietal.1998;Tuoretal.1998;Stoneetal.
2008),and theevolvingbrainatrophyanddevelopmentofporencephaliccyst thatresults in
the followingweeksarealsoevident in some studies (Tenetal.2004;Mishimaetal.2005;
Stoneetal.2008;Yangetal.2008a;YangandWu2008b).However,fewofthesestudieshave
triedtoquantifyandevaluatethisdevelopmentfromthefirstdaystothefinal injuryseveral
weeks after.With the development and availability of diffusion tensor imaging, focus has
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turned to whitematter in themost recent years. Several studies have shown how white
matterdevelopmentisaffectedbyhypoxiaͲischemiaintheweeksaftertheinsult.(Stoneetal.
2008;Wangetal.2008;Chanetal.2009;Wangetal.2009b;Bockhorstetal.2010).
MRI is increasinglybeingused innewwaysasanonͲinvasive tool tostudymolecularevents
and cellular involvement in the disease process.  One example is the use of DTI to study
changes in tissue microstructure in cortex following HI (Sizonenko et al. 2007). Another
example is thecorrelationbetweendiffusionchanges inwhitematterandglialactivation24
hoursafterHI(Lodygenskyetal.2011).
UseofnewMRImethods toevaluate tissuemicrostructure incombinationwith longitudinal
studydesign,cangivenewknowledgeoftheprocessesandcellularinvolvementinthedelayed
celldeathand injuryfollowingHI.MRIcanalsobeanexcellenttooltoevaluatetheeffectof
interventionsandtreatmentsonthisdelayedinjuryprocess.

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Table1.1OverviewofMRIstudiesinrodentmodelsofneonatalhypoxiaͲischemia
Study Animalmodel,
timeofHI
MRI
methods
MRItimeͲ
points
Mainfindings
Rumpelet
al1995
P7rats,uCCA
ligationand8%
O2for0,15,30
or60min.
DWI,
T2W
2hoursafter
HIandupto
7days
DecreasedADCandT2withprolonged
durationofhypoxia.
Albensiet
al1998
P7rats,bilateral
uCCAligation
and30Ͳ45min
9%O2.
T1W,
T2W
1Ͳ6,24,48
and72h
afterHI
Increasedlesionsizefrom1.5hto48
hoursafterHI.
Tuoretal
1998
P7rats,uCCA
ligationand2h
8%O2
DWI,
T2W
Before,
during,24,
48and72h
afterHI
IncreasedintensityonDWIandT2Winthe
secondhourofhypoxia,withdecreased
hyperintensityonDWIandincreased
hyperintensityonT2Wbetween24and72
hourspostHI.
Tuoretal
1999
P7rats,uCCA
ligationand2h
8%O2.PreͲ
treatmentwith
dexamethasone
DWI,
T2W
During
hypoxiaand
immediately
afterHI
HyperintensityonDWIandT2Wduring
hypoxiawithsomerecoveryafterin
controls,butnotindexamethasone
treated.
Maliszaet
al1999
P6andP7rats,
uCCAligation
and2h8%O2
MRS,
T2Wand
DWI
0h,firsthour
afterHI,24
and48h
afterHI
EarlydecreasedNAAandelevatedlactate
correlatedwithincreasedinfarctionon
T2WandDWI.
Tenetal
2004
P7mice,uCCA
ligationand
20min8%O2
T2W 10weeks
afterHI
Largeipsilateralbrainatrophywith
porencephaliccystformationand
contralateralventriculomegaly
Qiaoetal
2004
P7rats,uCCA
ligationand45Ͳ
50or90minof
8%O2
T1andT2
maps
24hours
afterHI
IncreasedT1 andT2 inwhitematterand
lesssoingreymattercorrespondingto
theseverityoftheinsult.
Mishimaet
al2005
P7rats,uCCA
ligationhypoxia
T1W 5,9and57
weeksafter
HI
Slowlyprogressiveevolutionofbrain
damage.

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Table1.1Continued
Study Animalmodel,
timeofHI
MRI
methods
MRItimeͲ
points
Mainfindings
Mengetal
2005
P7rats,uCCA
ligationand1Ͳ2
hoursof8%O2
T2and
ADC
maps
BeforeHI,
last5Ͳ10min
ofHIand1
or24hafter
HI
IncreasedT2 anddecreasedADCatendof
HI.PartialrecoveryofADCbutincreasing
T2to24hafterHI
Mengetal
2006
P7rats,uCCA
and45Ͳ50min
8%O2
Mapsof
T1,T2and
ADC,CBF
BeforeHI,1,
24,48hand
7daysafter
HI
IncreasedT1,T2 andADCanddecreased
CBFinwhitematterovertimefromHI,
withmaximumat48hoursand
normalizationonday7afterHI
Wangetal
2006
P7rats,uCCA
ligationand2.5
hoursof8%O2
DWI,
T2W
1Ͳ2hours
and4days
afterHI
LesionvolumeonDWI1Ͳ2hafterHI
correlatedwith,butunderestimated
histologicalinfarctvolume.
Wangetal
2007
P7rats,uCCA
ligationand2.5
hoursof8%
DWI,
T2W
24hand10
daysafterHI
LesionvolumeonDWI24hafterHIisa
goodpredictorofinfarctvolume10dpost
HI
Sizonenko
etal2007
P3rats,uCCA
ligationand
30min6%O2
DTI 1or3days
afterHI
DifferenceinADCandFAbetweendeep
andexternalcorticallayerswith
maturationalreductionfromP3toP6.HI
gavereducedADCandFAwhichpersisted
toP6.
Yangetal
2008a
P7rats,uCCA
ligationand3
hoursof8%O2
MEMRI,
T2W,
DWI
3h,1,2,3,7,
14,21,28
and49days
afterHI
ManganeseͲenhancementincortex,basal
gangliaandhippocampusfromday3and
becamemorelocalizedpericysticallyin
basalgangliaandcortexday7and
diminishedthereafter.MEfoundto
correlatewithGSandMnͲSODexpression.
Yangand
Wu2008b
P7rats,uCCA
ligationand1
hourof8%O2
MEMRI,
T2W,
DWI
3h,1,2,3,7,
8,14and21
daysafterHI
ManganeseͲenhancementoflesioningrey
matterdetectedfromday3today21
afterHI.CorrespondedtoGSandMnͲSOD
onhistology
Wang2008 P7rats,uCCA
ligationand50
or90minof8%
O2
T2Wand
DTI
1and7days
postHI
Changesinwhitematterdiffusivity
suggestiveofreducedmyelinationinmild
insultandaxonalinjuryinsevereinsult.
MagneticresonanceinneonatalhypoxicͲischemicbraininjury
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Table1.1Continued
Study Animalmodel,
timeofHI
MRI
methods
MRItimeͲ
points
Mainfindings
Stoneetal
2008
P7rats,uCCA
ligationand45
minof8%O2
ExͲvivo
DTI
1,4,6,14,
21or35
daysafterHI
Severeandrapidvolumeloss,butregional
differences.Axonalinjuryevidentafter
24h.HIinterruptsnormaldevelopmental
changesinwhitematterdiffusivity
Chanetal
2009
P7rats,uCCA
ligationand2h
8%O2
T2W,DTI 10weeks
afterHI
Largeporencephaliccyst.Changesin
diffusivityandlocationofwhitematter
tractssuggestiveofwhitematter
reorganization
Wangetal
2009
P7rats,uCCA
ligationand50
minof8%O2
T2W,DTI 1,7,14,10
and90days
afterHI
IncreasingFA,reducingradialdiffusivity
withtimeafterHI.LowerFAandhigher
radialdiffusivityinipsilateralhemisphere
whitematter.
Bockhorst
etal2010
P7rats,uCCA
ligationand
90min8%O2,+
100%or21%O2
T2W,DTI 1day,1and
3weeks
afterHI
Hyperoxiaincreasedlesionvolumeand
radialdiffusivity,withmostsignificant
differencesafter3weeks.
vander
Looij2011
P3rats,uCCA
ligationand
30min6%O2
MRS,
T2W
5h,1,8and
22daysafter
HI
Lesionsize6hoursafterHIcorrelated
withlongͲtermcorticalloss.Reduced
metabolitesandincreasedlactateafter
24h,withminormetabolicchangesafter
22days.
Lodygensky
etal2011
P7rats,uCCA
ligationand45
minof8%O2
T1W,
T2W,T2
andADC
maps
24hours
afterHI
Increasedsignalinhippocampusand
adjacentwhitematteronT2W.Reduced
ADCinhippocampus,butwasincreased
ADCinadjacentwhitematterandmaybe
relatedtoglialactivation
uCCA: unilateral common carotid artery, T2W: T2Ͳweighted image, T1W: T1Ͳweighted image,
DWI: Diffusion weighted images, DTI: Diffusion tensor imaging, ADC: Apparent diffusion
coefficient,MEMRI:ManganeseͲenhancedMRI,FA:fractionalanisotropy.
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Chapter2 Magneticresonanceimaging
Magnetic resonance imaging (MRI) is based on the principles ofmagnetic resonance first
describedin1946byBlochetal.(Blochetal.1946)andPurcelletal. (Purcelletal.1946).In
the 1970’ies Lauterbur (Lauterbur 1973) and Mansfield (Mansfield and Grannell 1973)
describedtheprinciplesofhowtocreate images fromthemagneticresonancesignal.These
achievements subsequently led to thedevelopmentofMRIas thevaluable tool formedical
imagingasweknow it today. In the followingchaptersomeof theprinciplesofMRIwillbe
outlined and a more detailed introduction to some of the MRI techniques used in the
experimentsofthisthesiswillbegiven.
2.1 Principlesofmagneticresonance
Atomswith unevenmass numbers have nuclear spinswith a proportionalmagnetic dipole
moment.1H,13C,19F,21Naand31Pareexamplesofsuchatoms,withtheproton(1H)beingby
farthemostfrequentlyusedinMRIduetoitsabundanceinbiologicaltissue.Eachnuclearspin
acts as a small magnet (Haacke 1999). Under normal conditions such nuclear spins are
randomlyoriented (Figure2.1A),butwhenplaced in a staticmagnetic field (B0), they align
eitherparallelorantiͲparalleltothedirectionofthefield(Figure2.1B)andprecessaroundthis
axiswith a frequency that is dependent on the nuclear properties and the strength of the
magneticfield(Figure2.1C).


Figure2.1:Nuclearspinsoutside(A)andinside(B)amagneticfield,wheretheyprecess(C).
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ThisfrequencyiscalledtheLarmorfrequency,andisgivenby:
 00 BJZ   Eq.2.1
whereɶisthegyromagneticratioandB0isthemagneticfieldstrength.Spinsthatalignparallel
to themagnetic fieldhavea lowͲenergy state,whereas spins thatalignantiͲparallelhavea
highͲenergystate.AtthermalequilibriummorespinsareinthelowͲenergystate,andthesmall
difference in energy between the parallel and the antiͲparallel states increases with the
strengthofthemagneticfield,andcanbeexpressedas:
 00 BE JZ !!   '  Eq.2.2
whereѐE istheenergydifferenceandŜ isPlanck’sconstant.Thetransitionofanuclearspin
froma lowenergystate toahighenergystatecanbeachievedbyabsorbingenergy froma
radiofrequencypulse(RFͲpulse).Inorderforthespinstoabsorbtheenergy,thepulsemustbe
appliedat theLarmor frequency (ʘ0),also termed the resonance frequency.When the spin
switches from a high energy state to a low energy state, energy is emitted at the same
frequency.

Figure 2.2: Visualisation of the behaviour of the magnetisation vector during RFͲpulse
excitationinacoordinatesystemrotatingattheLarmorfrequency.
Atthermalequilibriumtherearemorespinsparalleltotheaxisofthemagneticfield,andsince
each spin acts as amagnet, this creates a netmagnetization (M0)which is parallel to the
magneticfieldB0,alongthezͲaxis(Figure2.2A).InaclassicaldescriptionofMR,theorientation
ofthismagneticvectorcanbemanipulatedbyanRFͲpulseattheLarmorfrequency–aprocess
calledexcitation.InacoordinatesystemthatrotateswiththeLarmorfrequency(x’,y’,z),anon
resonance RFͲpulse that is applied in right angle to themagnetic field (B0) creates a new
magnetic field (B1+) along the x’Ͳaxis perpendicular to the B0 field. Viewed in the rotating
coordinate system, the spinswill then start precessing around the x’Ͳaxis,which results in
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tiltingofthismagneticvectortowardsthey’Ͳaxisinthex’Ͳy’plane(Figure2.2B).Theduration
oftheRFͲpulsedetermineshowfarintothex’Ͳy’Ͳplanethemagnetizationvectoristilted.The
magnetizationvectorM0canbedecomposedintoanetmagnetizationinthex’Ͳy’Ͳplanegiven
byMxy,andamagnetizationalongthezͲaxisreferredtoasMz. Ifthemagnetizationvector is
tiltedallthewayintothex’Ͳy’Ͳplane,thisisreferredtoasa90°Ͳpulse.InthissituationMxy=M0
andMz=0.Inthelaboratorycoordinatesystem(x,y,z),thismagneticvectorrotatesaroundthe
zͲaxis,andwillcreateanoscillatingmagneticfieldthatcaninduceacurrentinacoilplacedin
thexͲyͲplane(Figure2.2C).ThisishowtheMRsignaliscreated.
2.1.1 Relaxationmechanisms
Immediatelyaftera90°pulse thenetmagnetizationvector is in thexͲyͲplane (Figure2.3A).
Subsequently the system tends to return to thermal equilibrium by a process termed
longitudinalrelaxationorT1Ͳrelaxation.Energyisreleasedfromthespinsintothesurrounding
lattice.Theabilityofthelatticetoabsorbthisenergydeterminesthetimeittakestoreturnto
equilibrium.During thisprocess, thenetmagnetizationvector returns to thezͲaxisata rate
determinedbytheT1ofthespinpopulation(Figure2.3B).Thisgradually increasesMz.When
thermalequilibriumhasbeenreͲestablished,allmagnetizationisalongB0(Figure2.3C).

Figure2.3:LongitudinalorT1Ͳrelaxation.
Simultaneously, another process occurs that reduces the detectable signal in the xͲy plane
faster than that dictated by the T1Ͳrelaxation. This is termed transverse relaxation, or T2*Ͳ
decay.ImmediatelyafteranRFͲpulse,therotationofthespinpopulationaroundthezͲaxis is
highly coordinated and reads as onemagnetization vector in the xͲyͲplane (Figure 2.4A).
However,due to smalldifferences inprecession frequency, spins rotateat slightlydifferent
speeds.Figurativelythiscanbedescribedasmanymagnetizationvectorsthatinthebeginning
arealigned,or inphase,andtogetheractasone largevector.Withtime theygetoutphase
witheachotherand insteadopposeandnulleachotherout (Figure2.4BͲC).The result isa
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graduallydecreasingcurrentinducedinthecoilasthespinsdeͲphase,andhenceadecreasing
signalisdetected.Thisiscalledthefreeinductiondecay(FID)signal.

Figure2.4:TransverseorT2Ͳrelaxation.
ThedeͲphasingofthespinpopulationscausingthisT2*Ͳdecayhastwoorigins.Oneisthelocal
timeͲvarying disturbances in themicroscopicmagnetic field associated with themagnetic
propertiesofneighbouringatoms.ThisistermedspinͲspinrelaxation,orT2Ͳrelaxation,andthe
deͲphasing effect caused by this cannot be reversed. The other cause of deͲphasing is the
static inhomogeneities of the externalmagnetic field,which can be enhanced bymagnetic
material,likeironinthetissue.ThistypeofdeͲphasingisfastandcalledT2’Ͳrelaxationandcan
bereversed.Byapplyinga180°Ͳpulseattimeɷaftera90°Ͳpulse,spinswillbeflipped180°in
thexͲyͲplaneandstarttoreͲphaseatthesamerateastheydeͲphased.Attime2ɷtheywillbe
inphaseandagainactasonelargemagnetizationvectorandformwhatiscalledanecho.This
pulseͲsequence just described is called a spinͲecho sequence, and the time between the
excitationpulseandtheechoiscalledtheechoͲtime(TE).Themagnitudeofthesignalcreated
bythespinͲechowillbegivenbytheT2Ͳrelaxtiontime.Inagradientechosequence,wherethe
FID isdeͲphasedandreͲphasedbytheuseofmagneticfieldgradients,themagnitudeofthe
signal is dependent on the T2*Ͳdecay. The relationship between T2*Ͳdecay, T2Ͳ and T2’Ͳ
relaxationisgivenby:

'
11
*
1
222 TTT
  Eq.2.3
A sequence can be repeated for more signal sampling (averaging) or for the purpose of
creating images. The time between the first excitation pulse and the next is called the
repetitiontime(TR).

Principlesofmagneticresonance

23 

2.1.2 MRimaging
Themagneticresonancesignalcanbespatiallyencodedby theuseofmagneticgradientsat
differentsteps in thepulseͲsequence (seeFigure2.5).Whenagradient isapplied toastatic
magnetic field, B0, the location of the spin along the direction of the gradient field will
determine its Larmor frequency. By applying a gradient (Gs) during excitation in the slice
direction and tuning the excitationpulse to a specific rangeof frequencies,only spins that
resonateswithin this frequency rangewill absorb the energy, resulting in a slice selective
excitation. In a spinͲecho sequence a gradient is then applied in another direction
perpendicular to theGsbetween the90°and180°Ͳpulses.This introducesdifferentphase to
spins according to their position along the gradient and is thus called a phaseͲencoding
gradient(Gp).ByvaryingthegradientstrengthbeforeeachreadͲoutofthesignal(typicallyat
each repetition in a spinͲecho sequence) different phase encoding is achieved. Finally, a
gradientisappliedinthedirectionperpendiculartobothGsandGpduringreadoutoftheecho.
ThisreadͲoutgradient(Gr)introducesfrequencyencodingofthedetectedsignal,withagiven
frequency range corresponding to a given spatial location in that direction. The signal is
sampled in a 2D kͲspace for each slice. Each horizontal line represents a different phaseͲ
encoding,whileeachpointalongthe linerepresentsthesampledsignalatagivenfrequency
range(seeFigure2.5A). In3D imaging,thesliceselectivegradient isusedtoselectavolume
slab,andaphasegradient isalsoapplied in theslicedirectionbetween theexcitationpulse
andtheecho.Thesignalisthusphaseencodedintwodirections,andsampledina3DkͲspace.
The encoded signal in kͲspace can be Fourier transformed into an image representing the
spatiallydistributedamplitudeoftheMRsignal.
TherearedifferenttechniquesofacquiringthesignalandsamplingkͲspacethatcanspeedup
imageacquisition.One istoapplymultiple180°Ͳpulsesaftertheexcitationpulse,resulting in
multipleechosatdifferentechotimes.ThiscanbeusedtoestimatetheT2Ͳdecay,asthesignal
isslightlyreducedwith increasingechoͲtimes.However,themultipleechoscanalsobegiven
differentphaseͲencodingandbeused to sampledifferent lines inkͲspace (seeFigure2.5B).
Really fast acquisition can be achieved by sampling all kͲspace lines at once. One such
techniqueisechoplanarimaging(EPI),whereatrainofechosarecreatedbyrapidswitchingof
the frequencyͲencoding gradient,while each echo is individually phaseͲencoded by rapidly
turningthephasegradientonandoff(seeFigure2.5C).
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
A:Spinecho

B:FastspinechoorRapidAcquisitionwithRelaxationEnhancement(RARE)

C:Echoplanarimaging(EPI)sequencewithStejskalͲTannerdiffusionweighting(DW)
Figure 2.5: Examples of pulse diagrams for different sequenceswith patterns of KͲspace
sampling.A:Spinecho.B:Fastspinecho.C:Echoplanarimagingwithdiffusionweighing.RF:
radio frequency pulse. Gs: slice selective gradient. GP: phaseͲencoding gradient. GR:
FrequencyͲencoding gradient. TE: echo time. TR: Repetition time. SE: Spin echo. DW:
Diffusionweightingmodule:g:diffusiongradient slope. ɷ:diffusiongradient duration. ȴ:
timebetweenthetwodiffusiongradients.
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2.2 TissuecontrastandcontrastagentsinMRI
2.2.1 IntrinsictissuecontrastsinMRI
Theproton (1H) isby far themostabundantnucleus that canbeused forMRI inbiological
tissue,and itstissuespecificproperties istheorigintothe imagecontrasts inmostMRI.For
thesakeofsimplicityonlyprotonMRIwillthereforebediscussedinthefollowingsections.
ThereareprimarilythreebasictissuepropertiesthatareusedtocreatecontrastinMRimages;
theprotondensity(PD),themeanT1relaxationtimeandthemeanT2relaxationtime.Other
intrinsictissuepropertiesthatcanbeutilizedforimagecontrastincludeflowanddiffusion.PD,
T1andT2,willbediscussedinthissectionanddiffusioncontrastlateroninsection2.4.
Thenetmagnetization,M0,andsignalintensityaredirectlyproportionaltotheprotondensity
in the tissue. Sincemost protons are found bound inwater (H2O), proton density largely
dependson the tissuewater content.For instance, cerebrospinal fluid (CSF)hashighwater
contentandahighPD,whilebonehaslowwatercontentandlowPD.Protonweightingofan
image canbeachievedbyusinga sequencewith a long repetition time (TR)betweeneach
relaxation pulse, allowing all protons to be relaxed back to the thermal equilibrium state
beforeanewexcitation,andashortechotime(TE)allowinglittleT2relaxationtooccurbefore
thesignalissampled.
T1Ͳrelaxation originates as described above from
energy transfer to the surrounding lattice of the
proton and it ishighly tissuedependent. For energy
transfer to occur, the excited protons need to be
exposedtoalocalmagneticfield,forinstanceanother
nearbymolecule,oscillatingattheLarmorfrequency.
Mostprotonsareboundinwatermolecules,whichon
amicroscopicscalecontinuouslychangesorientation,
ortumble.Thetumblingrateoffreewatermolecules
is far more rapid than the Larmor frequency and
makes energy transfer to neighbouring molecules
inefficient.However,whenwatermoleculesareinthe
vicinity of large molecules like proteins they form
temporarybondsthatslowtheirtumblingrate.Thismakesenergytransfertothesurroundings
easier,hencereducingtheaverageT1relaxationtimeofthewaterprotons.Protonsboundin
othermolecules,likehydrogeninfat,tumblesslowlyandhavemoreefficientenergyexchange
withthesurroundingmolecules.FathasthereforeashortT1.T1weightingofanimagecanbe
achievedbyusingashortTRtogetherwithashortTE.Thesignaloftheimagewillthusmainly
T1Ͳ
weighted
T2Ͳ
weighted
PD
weighted
Mixed
weighting
TR
TE

Figure 2.6 Relationship between
sequence repetition time (TR)
and echo time (TE) and image
contrast.
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comefromtheprotonswithshortT1thathavealreadyrelaxedbeforeanewrepetitionofthe
excitationpulse.TheshortTEreducestheinfluenceofT2relaxationonthesignal.
Transverserelaxationtimesarealsohighlytissuedependent.Asdescribedabove,transverse
relaxationcanbedividedintospinͲspinrelaxationandT2’relaxationmechanisms.Thelatteris
causedbyinhomogeneitiesinthestaticmagneticfieldandcanbevisualisedbyT2*Ͳweighting
of the image. This is usually achieved by using a gradient echoMRI sequence. SpinͲspin
relaxation on the other hand is caused by interaction between neighbouring magnetic
momentsofnucleiandunpairedelectrons. Inslowly tumblingsystems, like largemolecules,
highviscosity fluidsandsolids,T2becomesveryshortcompared toT1. In free fluidsand fast
tumblingsystems,T2becomeslong,butalwaysshorterthanT1.T2weightingofimagescanbe
achievedbyusinglongTRandrelativelylongTEsaroundtheaverageT2Ͳtimeofthetissue.
2.2.2 Principlesofcontrastagents
ThebasicprincipleofaMRI contrastagents is to reduce relaxation times in specific tissue,
hereby increasing tissue contrast. Todaymainly two classes of contrast agents are in use;
superparamagneticandparamagnetic.Superparamagneticsubstancessuchasironoxideshave
largemagneticmomentsandcreatea largedisruptioninthelocalmagneticfield.Thiscauses
primarily an extremely fast T2 relaxation. The effect is farͲreaching and the susceptibility
effects reach into neighbouring tissue and is easily visualized in T2*Ͳweighted images.
ParamagneticsubstancessuchasGd3+andMn2+,haveunpairedelectrons intheiroutershell,
whichinamagneticfieldcreatemagneticmomentslargerthanthatofthenucleispins.These
substances create local fluctuatingmagnetic fields and have dipoleͲdipole interactionswith
surrounding protons.Both thesemechanisms facilitate the relaxationofnearbyprotons. In
purewater,thechangeintissuerelaxationislineartotheconcentrationofthecontrastagent:
 > @CAr
T
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1  ' '  Eq.2.4
where ǻR1,2 is the change in either T1Ͳ or T2 relaxation caused by the contrast agent, r1,2
describestherelaxationrateand[CA]istheconcentrationofcontrastagent.Intissue,binding
oftheparamagneticsubstanceto largermolecules, likeproteins,can increasetherelaxation
rates and further enhance tissue contrast. Paramagnetic substances reduce both T1 and T2
relaxation times in tissue,butdue to theirmorepronouncedT1Ͳeffect, theyaremostoften
usedasT1Ͳcontrastagents.
ManganeseͲenhancedMRI

27 

2.3 ManganeseǦenhancedMRI
ManganeseͲenhancedMRI (MEMRI) isbasedon theparamagneticpropertiesof thedivalent
manganese ion(Mn2+).ItwasoneofthefirstsubstancessuggestedforuseasaMRIcontrast
agent,and itwasusedbyLauterbur in1973 todemonstrate theprincipleofMRI (Lauterbur
1973).Intherecentyearsnewattentionhasbeengiventomanganeseasacontrastagentfor
in vivoapplicationsdue to itsbiologicalproperties (Koretskyand Silva2004; SilvaandBock
2008).
2.3.1 Manganeseandthebrain
Mn2+ isanessentialtracemetalfound inalltissues. It is involved inthemetabolismof lipids,
proteinsand carbohydrates,and it is an important cofactor fora varietyofenzymes in the
brain including superoxide dismutase in mitochondria and glutamine synthetase that are
primarilyfoundinastrocytes(Takeda2003;Eriksonetal.2005).Inblood,Mn2+bindstocitrate,
albuminandtransferrin,butalsoexistsinfreeionicform,especiallyifthebloodconcentration
isinexcessofthebindingcapacity.TransferrinistheprimaryMn2+transportproteininblood.
TransferrinͲboundMn2+canenterthebrainacrosstheBBBthroughthetransferrinͲdependent
transporterpresenton thesurfaceofcerebralcapillaries.Afterentering theendothelialcell,
Mn2+isreleasedintotheextracellularfluidandisavailableforneuronalandglialuptake.The
transport into thebrainusing thismechanism is slow,but seems tobe themost important
under normal circumstanceswith low blood concentrations ofMn2+ (Aschner et al. 2007).
Afterabolus injectionofMn2+, therearehighconcentrationsof freeMn2+ ions in theblood
(Takeda 2003), and a rapid entrance of Mn2+ into the brain through the choroid plexus
dominates. This is thought to be mediated by the divalent metal transporter 1 (DMTͲ1)
(Aschner et al. 2007). These transporters and mechanisms are present and active in the
neonatalbrain,buttowhatextenttheneonatalBBBispermeabletoMn2+isunknown(Erikson
etal.2007).
Afterenteringthebrain,Mn2+intheextracellularfluidorCSFcanenterneuronsorglialcells.
TransferrinͲboundmanganeseenterscells through the transferrin transporter (Takeda2003;
Aschneretal.2007).FreeMn2+ ionactsasacalciumanalog,andenterscellsthroughseveral
transportsystemsincludingLͲtypevoltagegatescalciumchannels(Naritaetal.1990),Na+/Ca2+
exchanger,Na+/Mg2+ antiporter and activeCa2+uniporter (Takeda2003).After entering the
cell,Mn2+ is mainly stored in the endoplasmatic reticulum, but is also transported along
microtubuleand isreleasedattheaxonalterminal inthesynapticcleftandtakenup intothe
dendriteofthenextneuron(Takeda2003).
Manganese in thebrain isdistributed inacertainpattern,withhigherconcentrations in the
dentate gyrus and CA3 of the hippocampal formation, caudate putamen, globus pallidus
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substansia nigra and subthalamic nuclei. The pattern ofmanganese distribution seems to
followthatofiron(Fe)inthesestructures(Eriksonetal.2002;Aschneretal.2007).
2.3.2 Imagingwithmanganese
The paramagnetic properties ofMn2+, giving excellent T1Ͳcontrast, in combinationwith the
biological propertiesmentioned above can be utilized in severalways for brain studies in
animals: First, systemic administration ofMn2+ gives specific enhancement of the cerebral
architecture,byaccumulationinstructureswithhighcellulardensityorhighaffinityforMn2+.
Amongthesearetheolfactorybulbs,hippocampalformation,cerebellum,thalamus,lentiform
andcaudatenuclei(Aokietal.2004;Wadghirietal.2004;Watanabeetal.2004b;Leeetal.
2005;Silvaetal.2008;Chuangetal.2010).UsinghighdosesofMn2+,thecellularlayersofneoͲ
cortexcanalsobevisualizedinvivo(Silvaetal.2008).Second,Mn2+istransportedantegrade
andretrogradeinaxonsaswellasacrosssynapses(Pautleretal.1998;Pautler2004)andcan
therefore be used formapping of neuronal pathways in vivo (Van der Linden et al. 2002;
Watanabeetal.2004a;Thuenetal.2005;Tucciaroneetal.2009;Sandvigetal.2011).Third,
activityinducedMEMRI(AIM)hasbeenusedtomapneuronalactivity,basedontheprinciple
that Mn2+ enters excited neurons through voltage gated Ca2+Ͳchannels during neuronal
depolarisation (Lin and Koretsky 1997;Aoki et al. 2002). This technique has been used for
functionalMRI (Yu et al. 2005; Bissig and Berkowitz 2009; Chuang et al. 2009; Yang et al.
2011),butalsofordetectingcellularCa2+influxduringacuteischemia(Aokietal.2003).
2.4 DiffusionweightedMRI
Diffusion Tensor Imaging (DTI) is a relatively new MRI technique introduced in the midͲ
1990’ies (Basseretal.1994).Since then ithasbecomeaveryuseful tool for imagingwhite
mattertractsinthebrain.
2.4.1 PrinciplesofdiffusionweightedMRI
Waterdiffusion isaprocesswherewatermoleculesmoverandomlyaboutdrivenbythermal
energy.AMRI sequence canbe sensitized towaterdiffusionby theuseof linearmagnetic
gradientsduring the sequence (See Figure 2.5C).Oneof themost commonlyusedwaysof
achievingdiffusionweightingwasdescribedbyStejskalandTanner(1965).Byapplyingalinear
magneticgradientbeforeandafterthe180°ͲpulseinaspinͲechosequence,themagnitudeof
the subsequent echowill be influenced by the degree of diffusion parallel to the diffusion
gradient. The first gradient introduces a phase shift corresponding to the position of the
protonalongthedirectionofthegradient.Thesecondgradientproducesaphaseshiftequalto
thatproducedbythefirstgradient.Forstationaryprotons,thesecondgradientwill(withthe
helpofthe180°Ͳpulse)undothephaseshiftproducedbythefirstgradient.However,protons
movingparallel to thegradientdirectionwillexperiencedifferentphaseshifts from the two
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gradients, and the refocusing will be incomplete. This reduces the magnitude of the
subsequentecho,andcanbedescribedby:
 DbeSS  0  Eq.2.5
were S is the attenuated signal caused by the diffusionweighting, S0 is the signalwithout
diffusionweighting,b is thedegreeofdiffusionweighting inan imageandD is thediffusion
coefficient.Thisis,however,onlyvalidifthediffusionisequalinalldirections(isotropic)andin
onecompartment.Intissue,theseconditionsarenotmet,andDisinsteadreferredtoasthe
apparent diffusion coefficient (ADC). The bͲvalue is determined by the amplitude (g) and
duration(ɷ)ofthegradientsandthetimebetweenthetwogradients(ǻ):
 22 gb ' G  Eq.2.6
Waterdiffusioncanbe free (Figure2.7A)orrestrictedbyboundaries likecellmembranesor
macromolecules (Figure 2.7B). In the intracellular compartment, water diffusion is largely
restrictedbythecellmembrane,intracellularorganelles,cytoskeletonandotherproteins.This
givesa lowapparentdiffusioncoefficient(ADC).Intheextracellularcompartmentdiffusion is
less restricted since there are fewer boundaries. One such example is water diffusion in
cerebrospinalfluidoftheventriclesofthebrainthatcanbeconsideredunrestrictedandhasa
high ADC. By acquiring images with different diffusion weighing, maps of the apparent
diffusioncoefficient(ADC)canbecalculatedusingequation2.5.
ADCͲmapsordiffusionweightedimages(DWI)canbeusedforearlyassessmentofbraininjury
afterischemia.Itisparticularlythenatureoftheoedemasecondarytotheinjurythatcauses
changesinthediffusion.CytotoxicoedemaleadstoreducedADC:Theassociatedcellswelling
increases the intracellular water component and reduces the extracellular space. Since
intracellularwater hasmore restricted diffusion than extracellularwater, the overallwater
diffusionismorerestricted.Vasogenicoedemaontheotherhand,givesincreasedADC.Thisis
related to increased water content due to extravasation of water into the lesion causing
increasedwater intheextracellularspace,wherewaterdiffusion is littlerestricted.Although
DWI is becoming more and more common in the early assessment of neonatal hypoxicͲ
ischemicbraininjury(Huppietal.1998;Inderetal.1999;HuppiandAmato2001;Counsellet
al. 2003; Hunt et al. 2004; Rutherford et al. 2004; Krishnan et al. 2007), the pathologies
underlyingalltheobservedchangesindiffusionarestillnotclear.
2.4.2 Thediffusiontensor
Incertaintissuetypes,theorientationoftheboundariesthatrestrictdiffusionisorganized.An
example of such tissues iswhitematter tracts. The cellmembrane of the neuronal axon,
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intracellular macromolecules that run along inside the axon (e.g. microtubuli) and
oligodendrocytesthatcovertheaxonwithmyelinsheetsallconstituteboundariestodiffusion
perpendiculartothe longaxisoftheaxon. This leadstohighwaterdiffusionparallel tothe
axisof theaxonwithrestricteddiffusionperpendicular to theaxon (Figure2.7C).Thishighly
directionaldiffusionistermedanisotropicdiffusion,incontrasttothemoreisotropicdiffusion
experienced in grey matter of the brain, where diffusion boundaries are more randomly
orientedandhenceoveralldiffusionislessdirectional.¨


Figure2.7: Illustrationsof free isotropic (A), restricted isotropic (B),andanisotropicwater
diffusion (C)with the corresponding ellipsoids describing the three eigenvectors and the
correspondingeigenvalues(ʄ1,ʄ2,ʄ3)ofthediffusiontensor.

InDWI,thedegreeofdiffusionweighting inan image isdependentonthediffusionofwater
parallel to the direction of the diffusion gradient. By acquiring several diffusion weighted
imageswithdifferentdirectionsofthediffusiongradients,thedirectionalityofthediffusionin
tissuecanbecalculatedanddiffusiontensor images(DTI)canmade(Basseretal.1994;Mori
andZhang2006).At leastsixorthogonaldirectionsarerequired inorder todescribe the full
diffusiontensorD,whichcanbewrittenasthematrix:

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The diffusion tensor describes an ellipsoid with three eigenvectors with corresponding
eigenvalues(ʄ1,ʄ2,ʄ3)(SeeFigure2.7).ʄ1isthediffusionalongthelongestaxisoftheellipsoid.
ʄ2and ʄ3are thediffusionalong the twoaxisperpendicular to the longestaxis.From these
eigenvaluesdifferentmeasuresofdiffusivityandisotropycanbecalculated.
The mean diffusivity (MD) is the average trace of diffusivity in the three perpendicular
directionswithin a voxel. In the case of isotropic diffusion it is equivalent to the apparent
diffusioncoefficient(ADC).Itdescribestheaveragewaterdiffusionintissueandisgivenby:

3
321 OOOO   MD  Eq.2.8
Axialdiffusivity ( ||O ) is themagnitudeofdiffusionparallel to theprimarydiffusiondirection
(i.e.longestaxisoftheellipsoid).Thistypicallydescribesthediffusionwithinavoxelalongthe
axisofaneuronaltract.Axialdiffusivityisequivalenttotheprimaryeigenvalue:
 1|| OO   Eq.2.9
The radialdiffusivity ( AO )describes the averagediffusivityperpendicular to the axisof the
primarydiffusiondirectionandisgivenby:

2
32 OOO  A  Eq.2.10
Fractionalanisotropy (FA) isameasureof thedegreeofoveralldirectionalityofdiffusion in
tissue.Itrangesfrom0whendiffusionisequalinalldirection(isotropic),to1whendiffusionis
only in one direction (total anisotropy). In tissue the FA value will lie between 0 and 1,
dependingonthetissuetype.FAinwhitematterwillbehigherthaningreymatterwhichwill
behigherthanintheventricles.FAisgivenby:

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SinceDTIcanvisualizeandquantify theanisotropyof tissuewithinavoxel, ithasbecomea
valuabletooltoassesstheintegrityofwhitematter.Inthedevelopingneonatalbrain,changes
inDTIparameterlikeFA,MDandradialdiffusivityreflectstheunderlyingmaturationofwhite
matter tracts (Huppi and Dubois 2006). During the course ofwhitemattermaturation FA
steadilyincreasesandradialdiffusivitydecreases,reflectingreduceddiffusionperpendicularto
thewhitematterfibrebundles.ThesechangescoincideintimewiththeearlypreͲmyelination
and latermyelinationoftheaxons.PreͲmyelination ischaracterizedby increase innumberof
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microtubuleͲassociated proteins in axons, change in axon calibre and maturation and
organization of oligodendrocytes (Assaf et al. 2008). Myelination of axons is caused by
formationofsheetsofmyelininsideoligodendrocytessurroundingtheaxonsandincreasesas
the oligodendrocytes mature in the newborn period. Axon packing, relative membrane
permeability for water, internal axon structure and intraͲaxonal space also affects the
anisotropy inbrainareas.During theearlydevelopmentofwhitematter, thechanges inFA
andradialdiffusivityareparalleledbyadecrease inmeandiffusivity/ADC(Huppietal.1998;
Neiletal.1998;Dudinketal.2007).Damagetothebrainintheperinatalperiodmayresultin
injury to the developing oligodendrocytes, axonal injury or degeneration, with lifeͲlong
consequences forwhitematterdevelopmentand function.Severalrecentstudiesshowhow
perinataleventsarerelatedtochanges inwhitematterintegrityonDTIinearlylife(Huppiet
al. 2001; Counsell et al. 2006; Rutherford et al. 2006) and adolescents (Nagy et al. 2003;
Vangbergetal.2006;Skranesetal.2007;Skranesetal.2009).
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Chapter3 Objectives
Theoverall aimof this thesiswas to establishmethods for in vivoMR imagingofhypoxicͲ
ischemic brain injury in a neonatal ratmodel to enable longitudinal evaluation of delayed
tissuedamage,injuryprogressionandeffectsofinterventionsontheinjuryprocess.
Morespecificaimswere:
x To depict delayed neuronal death after the initial hypoxicͲischemic insult using
manganeseͲenhancedMRI(PaperI)
x ToevaluatethespecificityofmanganeseͲenhancedMRIindetectionofcellsrelatedto
injurybycomparisonwithhistologyandimmunohistochemistry(PaperIandII)
x Toexamine the longitudinalevolutionofbrain injuryup tosixweeks followingHI in
theneonatalratbrainusingmanganeseͲenhancedMRI(PaperIIandIII)
x To examine the influence of hypoxiaͲischemia onwhitematter development using
diffusiontensorimaging(PaperIIIandIV)
x ToexaminethevalueofearlydetailedMRIinpredictingthelongͲtermextentofinjury
tocerebralgreyandwhitematter(PaperIIIandIV).
x To evaluate the potential longͲterm neuroprotective effects of doxycycline and to
examinetheeffectofdoxycyclineonthestructuralevolutionofinjuryoverweeksafter
thehypoxicͲischemicinsult(PaperIII).
x ToevaluatehowexposuretohyperoxiaafterahypoxicͲischemic insult influencesthe
prolongedinjuryprocess(PaperIV)


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Chapter4 Materialandmethods
4.1 Animalmodel
4.1.1 Animalhandling
All animal experimentswere conducted in accordancewith European Communities Council
Directiveof1986(86/609/EEC)throughguidelinessetbytheNorwegianEthicsCommitteefor
Animal Research, and the experiments were approved by the responsible governmental
authority(Forsøksdyrutvalget).
Wistarrats(Scanbur,NorwayAS)werebredintheanimalfacilityattheNorwegianUniversity
of Science and Technology in Trondheim (former Animal Facility at St. Olav University
Hospital). TimeͲmated rats and their offspringwere kepton a 12:12hours light:dark cycle.
Temperatureintheanimalroomwaskeptat22°andhumidityat55%.Offspringwereweaned
at the age of fourweeks. Animals had food andwater ad libitum at all times. All animal
interventions,except theMRI,wereconductedat theanimal facility.MRIwasperformedat
the MR Centre, located approximately 300m from the animal facility. Animals were
transported through theundergroundpassage to theMRCentre ina transport cageon the
samemorningorthedaybeforetheMRI.Duringthepilotperiod,thetemperaturewithinthe
transportcageweremeasuredduring transportand foundtobestableandwithin thesame
levelsasattheanimalfacility.DuringMRscanning,animalswerekeptinadesignatedanimal
roomattheMRCentrewiththesameenvironmentalconditionsasattheanimalfacility.
4.1.2 HypoxiaǦischemia
AslightlymodifiedversionoftheVannucciprocedureforhypoxicͲischemicbraindamagewas
used(Riceetal.1981;VannucciandVannucci2005).
Seven days after birth, rat pups were anaesthetized with isoflurane (Baxter Medication
Delivery,Oslo,Norway) (4% induction,2%maintenance) inO2.They lay supineonaheated
surfacewithinfraredheatingabovetoavoidtemperaturelossduringtheprocedure.Astereo
microscopewasusedforoptimalviewingduringtheoperation.ThroughamidͲneck incision,
therightcommoncarotidarterywasidentified,thermoͲcauterizedandsevered.Woundswere
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sprayedwith Xylocaine (2%) and closedwith 5Ͳ0 Vicryl suture (Johnson& Johnson Intl c/o
EuropeanLogisticsCentre,StͲStevensͲWoluwe,Belgium).Durationofoperatingprocedurewas
5Ͳ10min.Afterregainingconsciousnessfromtheanaesthesia,thepupswereplacedbackwith
theirdamforrecoveryandfeedingforminimum2andmaximum4hours,beforeexposureto
hypoxia. In every litter two pups were shamͲoperated; the common carotid artery was
identifiedunderanaesthesia,butnotdamaged.ShamͲoperatedanimalswerenotsubjectedto
hypoxia.
The set up for the hypoxia is shown in Figure 4.1. The hypoxia chamber consisted of a
fibreglassboxwithawaterͲheatedpadinthebottomconnectedtoawaterͲheatingcirculation
system.Thehypoxiachamberwasplacedinsideaneonatalincubator.Thetemperatureinside
the boxwas kept at 36±0.5 ºC throughout the hypoxia procedure. Three thermometers in
differentplaces insidetheboxwereusedtomonitorthetemperature.Awhole litter,except
the sham operated animals,was put inside the hypoxia chamber together.  The boxwas
flushedwithpreͲheatedhumidifiedairwith8%O2(in92%N2)(15 l/min)forapproximately3
minutesuntiltheoxygenconcentration intheboxwas8%.Thereafterairflowwaskeptat5
l/min and O2 was measured to 8% throughout the procedure using an oxygen meter
(OxyQuantS®,EnviteCGmbH,Wismar,Germany).After60or75minofhypoxia,airflowof8%
oxygenwas stopped, the lid taken off and room air filled the box, givingO2Ͳlevels of 21%
within approximately oneminute. The pupswere allowed to recover for 5minutes before
being placed backwith their dam. This procedure resulted in a unilateral hypoxicͲischemic
insult(HI)totherightcerebralhemisphere.
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Figure4.1:Top: Imageof theexperimental setup forhypoxia showing theneonatalpups
inside the fibreglass box inside the incubator. Bottom: Schematic drawing showing the
fibreglassboxwithcirculatingwarmwatermattress,airheatingandhumidifyingsystemfor
maintainthetemperatureinsidethefibreglassboxat36°.Anoxygenmeterismountedclose
tothemattresstocontrolthattheoxygenlevelinsidetheboxisadequate.
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4.1.3 Hyperoxia
Exposure tohyperoxiawasdone inpaper IV. Immediatelyafterendof thehypoxicͲischemic
proceduredescribedabove,thefibreglassboxwasflushedwithpreͲheatedhumidified100%
O2 for2hourstoobtainhyperoxia.Thecontrolgroup inthisstudywasexposedtoroomair
(21%O2) in the samebox for2hours. Inbothgroups temperature inside the fibreglassbox
duringtheprocedureswaskeptat36±0.5ºC.Thereafterthepupswerereturnedtotheirdams.
4.1.4 Manganeseadministration
Manganesewasadministeredsixhoursafterthehypoxiaasasingledoseof40mgMnCl2per
kgbodyweight(~318ђmolMn2+/kg).1MMnCl2(#7773Ͳ01Ͳ5,SigmaͲAldrichInc.,St.Louis,USA)
wasdiluted toa concentrationof100mMusing sterilewater.The correct volumeofMnCl2
correspondingtotheweightͲdependentdoseforeachanimalwasdrawnusingapipetteand
mixedwith0.9%NaCltoatotalinjectionvolumeof0.1ml(paperIandII)or0.15ml(paperIII
and IV). Injections were given intraperitoneally. Control groups were injected with 0.1ml
(paperIandII)or0.15ml(paperIIIandIV)of0.9%NaCl.
In the paper II,manganesewas also administered 41 days after hypoxiaͲischemia. Again a
singledoseof40mgMnCl2perkgbodyweightwasgivenby intraperitoneal injection.MnCl2
wasprepared inthesamewayasdescribedabove,butnotmixedwithNaClbefore injection.
Totalinjectionvolumewasonaverage459±25ђl.
InbothstudyIandII,animalswererandomlyselectedformanganeseͲinjection,NaClorsham
operationatthetimeofCCAoperation.Allgroupswererepresentedineachlitter.
4.1.5 Doxycyclinetreatment
InthepaperIII,pupswererandomlyselectedfortreatmentwithdoxycyclineornonͲtreatment
atthestartofthehypoxicͲischemicprocedure.Onehourafterendofhypoxia,asingledoseof
150ђl doxycycline (Doxyferm, Nordic Drugs AB, Limhamn, Sweden) at a concentration of
1mg/ml (equivalent to 10mg/kg bodyweight for a 15g rat) was given by intraperitoneal
injection to pups in the treatment group. Pups in the nonͲtreated group received a single
injectionof150ђl0.9%NaCl.


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Table 4.1: Characteristics of the study designswith study and intervention groups in the
differentpapers
PaperI PaperII PaperIII PaperIV
DurationofHI 75min 75min 60min 75min
    
Manganese
group
40mg/kgMnCl2
6hafterHI
(n=16)
or6daysafter
HI(n=3)
40mg/kgMnCl2
6h&42days
afterHI
(n=7)
40mg/kgMnCl2
6hafterHI
(n=16)
40mg/kgMnCl2
6hafterHI
(n=16*)
Controlgroup 100ђl0.9%NaCl
6hafterHI
(n=10)
100ђl0.9%NaCl
6hafterHI
(n=6)
 150ђl0.9%NaCl
6hafterHI
(n=31**)
  
Shamoperated
controls
40mg/kgMnCl2
6hafterHI
(n=6)
40mg/kgMnCl2
6h&42days
afterHI
(n=4)
40mg/kgMnCl2
6hafterHI
(n=4)
40mg/kgMnCl2
6hafterHI
(n=4)

150ђl0.9%NaCl
6hafterHI
(n=9)
Intervention
group
  Doxycycline
10mg/kgi.p.
(n=8)
Hyperoxia:
100%O2for2h
(4litters,n=28)
Controlgroup   NaCl0.9%
150ђli.p.
(n=8)
RoomͲair:
21%O2for2h
(2litters,n=19)
MRItimeͲpoints
(daysafterHI)
1,3&7;+8,10
&14forone
group
1,3,7&42 1,7,21&42 1,7,21&42
Histology Day1,3and7 Day42 Day42 Day7and42
 HE,MAP2,CD68,
GFAP,caspase3
&FluorojadeB
HE,MAP2,CD68,
GFAP&
caspase3
HE,MAP2,CD68
&MBP
HE,CD68,GFAP
&caspase3
*OnelitterwithhyperoxiaexposureandonelitterwithroomͲairreceivedMnCl2
**ThreelitterswithhyperoxiaexposureandonelitterwithroomͲairreceivedNaCl

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4.2 MagneticResonanceImaging
MRIwas performed using a 7Tmagnet (Biospec 70/20 AS, Bruker BiospinMRI, Ettlingen,
Germany)withwaterͲcooled (BGAͲ12,400mT/m)gradients.A72mmvolume resonatorwas
usedforRFtransmission.Anactivelydecoupledquadraturemouseheadsurfacecoilwasused
for RF reception on days 1, 3 and 7 after hypoxia ischemia, while an actively decoupled
quadratureratheadsurfacecoilwasusedforRFreceptionondays21and42afterhypoxiaͲ
ischemia.Theanimalswereanaesthetizedwithisoflurane(4%in30%O2,70%N2)beforethey
wereplaced,prone, inadesignatedwaterheatedanimalbed(BrukerBiospinMRI),andtheir
headwas fixedwith inbuilt tooth bar, nosemask and earplugs or polystyrene pieces (see
Figure4.2).Thisassured thesameplacementof theheadof theanimalswithin themagnet
fromscantoscan.Thenosemaskprovidedanaesthesiawith isoflurane(approximately2% in
30%O2,70%N2)duringscanning.Therespiratoryrateandbodytemperaturewasmonitored
withMRͲcompatibleequipment (SmallAnimal Instruments Inc., StonyBrook,NY,USA), and
anaesthesia and the animal bed heatingwere adjusted to keep respiratory rate and body
temperature stable during scanning. To assure stable body temperature of the animals, a
cottonwoolcoverwasplacedovertheirbackandlegs.
At allMRI timeͲpoints, a seriesofMRI sequenceswereused, startingwith a gradientecho
FLASHpilotscan(acquisitiontimeapproximately1min)todobasicsystemadjustmentsandto
acquiretheinitialimagesforcorrectplacementoftheslicesinthesubsequentMRIsequences.
Table4.2providesanoverviewoverthedifferentMRIsequencesusedatthedifferenttimeͲ
pointsinthedifferentpapers.
Table4.2:MRIsequencesusedatdifferenttimeͲpointsinthedifferentpapers.
Day1 Day3 Day7 Day21 Day42
PaperI&II T1ͲwFLASH T1ͲwFLASH T1ͲwFLASH  T1ͲwFLASH
 MSMET2Ͳmap MSMET2Ͳmap MSMET2Ͳmap  
PaperIII ADCͲmap  T1ͲwFLASH T1ͲwFLASH T1ͲwFLASH
   DTIͲEPI DTIͲEPI DTIͲEPI
PaperIV RARET2Ͳmap  RARET2Ͳmap RARET2Ͳmap RARET2Ͳmap
 ADCͲmap  T1ͲwFLASH DTIͲEPI DTIͲEPI
T1Ͳw:T1Ͳweighted

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Figure4.2:Top image:The7TeslaBrukerBiospec70/20magnetused forMRIof the rats.
Lowerimages:28daysoldratlyinginthedesignatedwaterheatedbed.Theheadisfixedin
a nose mask with tooth bar and polystyrene pieces. The nose mask also provides the
anestheticgas.Thesurfacecoilisplacedontopoftheheadandfixedtothebedwithtape.
Cottonwool isusedtocoverthebackandlegsoftheratbeforethebedispushedintothe
magnetbore.
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4.2.1 T1ǦweightedMRI
ToobtainhighͲresolutionT1Ͳweighted imagesfordetectionofmanganeseͲenhancementa3D
FastLowAngleShot(FLASH)sequencewasused.Thesequencewasoptimizedusingphantoms
andanimals invivotogivehighresolution imageswithhighcontrastͲtoͲnoise(CNR)withina
given scan time. Echo timewas set to almost the systemminimum to reduce T2*Ͳeffects,
repetition timewas reduced to almostminimum in combinationwith asmany averages as
possiblewithinthegiventimeframe.Flipanglewassetto30°,sincethatinpracticegavethe
bestcontrast.DifferentfieldofviewandmatrixsizeswerechosenatthedifferenttimeͲpoints
toadjustforthegrowthoftheanimalhead.TheseparameterswerealsochangedfrompaperI
andIItopaperIIandIVasthesequencewasfurtheroptimized.Table4.3providesanoverview
overthedifferentscanͲparametersoftheT1ͲweightedFLASHsequenceusedatthedifferent
timeͲpointsinthedifferentpapers.
4.2.2 T2Ǧmapping
Inpaper I, imageswithdifferentT2Ͳweightingwereobtainedwitha2Dmultislicemultiecho
spinͲechosequence(MSME)witharepetitiontime(TR)of2500ms,40echoswithechotimes
(TE)of7.6/15.2/…/304ms,slicethicknesswas1mm.Fieldofview(FOV)was18×18mmand
theacquisitionmatrix(MTX)128×96givingan inplaneresolutionof140ʅm×187ʅm.The
matrixwaszeroͲfilledduringreconstruction to128×128givingan interpolatedresolutionof
140ʅmisotropic.Acquisitiontimewas16minwith4averages.
Inpaper IV, imageswithdifferentT2ͲweightingwereobtainedatalltimeͲpointswithaRapid
Acquisition with Relaxation Enhancement (RARE) sequencewithmultiple echoes: Effective
EchoTimes(TE)=25,75,125ms;TR=4000ms;RAREͲfactor=4;slicethicknesswas1mmand
15coronalsliceswereacquiredwithFOV=25×20mm(day1andday7),30×20mm(day21
andday42);acquisitionmatrix160×96(day1andday7)and192×96(day21andday42)
reconstructedto160×128and192×128respectively,givinganinͲplaneresolutionof156×
156ђm.Acquisitiontimewas6.5minwith4averages.
Inbothpaper Iandpaper IVT2Ͳmapswere calculatedonavoxelͲbyͲvoxelbasisby fittinga
monoͲexponentialmodeltothesignalintensityoftheimageswithdifferentTEͲvaluesusinginͲ
housedevelopedsoftware(MATLABver.R2010a,MathWorksInc,NatickMA,USA).
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Table 4.3: Scan parameters of the T1Ͳweighted 3D FLASH sequence used formanganeseͲ
enhancedMRIatdifferenttimepointsinthedifferentpapers
Day1&3 Day7 Day21 Day42
Pa
pe
rI
&
II

ɲ/TR/TE 30°/12ms/3ms 30°/12ms/3ms 30°/12ms/3ms
FOV 20×20×17.5mm3 20×20×17.5mm3 30×35×25mm3
MTX
(zeroͲfilled)
128×96×84
(128×128×112)
128×96×84
(128×128×112)
172×150×108
(172×200×144)
Resolution 156×156×156ђm3 156×156×156ђm3 174×175×174ђm3
NA 16 16 16
Scantime 25min 25min 52min
Pa
pe
rI
II
ɲ/TR/TE 30°/12ms/3ms 30°/12ms/3.25ms 30°/12ms/3.25ms
FOV 25×25×17.5mm3 30×25×20mm3 30×30×20mm3
MTX
(zeroͲfilled)
160×120×84
(160×160×112)
192×120×96
(192×160×128)
192×144×48
(192×192×64)
Resolution 156×156×156ђm3 156×156×156ђm3 156×156×312ђm3
NA 16 16 8
Scantime 32min 37min 11min
Pa
pe
rI
V
ɲ/TR/TE 30°/12ms/3ms
FOV 25×25×17.5mm3
MTX
(zeroͲfilled)
160×120×84
(160×160×112)
Resolution 156×156×156ђm3
NA 16
Scantime 32min
ɲ:FlipͲangle.TR:Repetitiontime.TE:Echotime.FOV:FieldͲofͲview.MTX:Acquisitionmatrix.
NA:Numberofaverages.(zeroͲfilling):zeroͲfilledmatrix.
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4.2.3 ApparentDiffusionCoefficientmapping
In paper III and IV, a series of diffusionweighted imageswere acquired using a spin echo
sequencewith StjeskalͲTannerdiffusionpreparation and echoplanar readͲoutof the signal
(EPI).Duration of the diffusion gradients (ɷ)was 7ms and the two diffusion gradientswas
separated (ǻ)by14ms.Differentdiffusionweightingof the imageswasachievedbyusing6
differentbͲvaluesinadditiontononͲdiffusionweightedimage(b0).MultishotEPIreadͲoutin
leftͲtoͲrightdirectionwasused,echo timewaskept toaminimum,and receiverbandwidth
wassetto250000Hz.Furthersequenceparameterdetailsareshown inTable4.4.Apparent
diffusioncoefficient(ADC)mapswerecalculatedusinginͲhousedevelopedsoftware(MATLAB
ver.R2010a,MathWorks Inc,NatickMA,USA)by fittingamonoexponentialmodel to the
signalintensityoftheimageswithdifferentdiffusionweightings.
4.2.4 DiffusionTensorImaging
Inpaper IIIand IV,Diffusiontensor imaging(DTI)wasperformedusingaspinechosequence
with StjeskalͲTanner diffusion preparation and echo planar readͲout of the signal (EPI).
Durationofthediffusiongradients(ɷ)was7msandthetwodiffusiongradientswasseparated
(ǻ) by 14ms. 5 imageswere acquiredwithoutdiffusionweighting (b0) and 30 imageswith
diffusionweighting(b=1000ms)indifferentnonͲcollineardirections.MultishotEPIreadͲoutin
leftͲtoͲrightdirectionwasused,echo timewaskept toaminimum,and receiverbandwidth
wassetto250000Hz.Fieldofviewwassettobefarlargerthanthesizeoftheanimalhead,
andwasadjustedtoeachMRItimeͲpointtogetherwithmatrixsizeaccordingtothegrowthof
theanimal.Table4.4showsthescanparametersfortheDTIsequencesatthedifferenttimeͲ
points.
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Table4.4:Scanparametersofthediffusionimagingsequencesusedatdifferenttimepoints
inpaperIIIandIV
Day1 Day7 Day21 Day42
Pa
pe
rI
II
 ADCͲmap DTIͲEPI DTIͲEPI DTIͲEPI
TR 3000ms 2550ms 2550ms 3750ms
TE 37.5ms 35 35 40
bͲvalues×
directions
100/200/400/600
/800/1000ms×1
1000ms×30 1000ms×30 1000ms×30
FOV 30×20mm 30×40mm 30×40mm 40×49.6
Slice
thickness
1mm 0.5mm 0.5mm 0.5mm
No.Slices 15coronal 17axial 17axial 25axial
MTX 192×128 128×172 128×172 172×212
Resolution 156×156ђm2 234×233ђm2 234×233ђm2 233×234ђm2
NA 4 4 4 4
Scantime 5.5min 24min 24min 35min
Pa
pe
rI
V
 ADCͲmap  DTIͲEPI DTIͲEPI
TR 3000ms  3750ms 3750ms
TE 40.6ms  40 40
bͲvalues×
directions
100/200/400/600
/800/1000ms×3
 1000ms×30 1000ms×30
FOV 25×30mm  40×49.5mm 40×49.5mm
Slice
thickness
1mm  0.5mm 0.5mm
No.Slices 15coronal  25axial 25axial
MTX 160×192  172×212 172×212
Resolution 156×156ђm2  233×233ђm2 233×233ђm2
NA 4  4 4
Scantime 15min  35min 35min
TR:Repetitiontime.TE:Echotime.FOV:Fieldofview.MTX:Acquisitionmatrix.NA:Numberof
averages.

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4.3 MRIdataanalysis
4.3.1 SignalcorrectionofT1ǦweightedMRIdata
Thespatially inhomogeneoussensitivityofthesurfaceͲcoilused inthe3DT1ͲweightedFLASH
acquisition introducedspatiallyvaryingsignal intensities inthe imagedataset.Tocorrectfor
this,twoadditionallowͲresolutionFLASHscanswereperformedwiththesamesequenceusing
thesamesequenceparametersasforthehighͲresolution3DT1ͲweightedFLASHscan,butwith
aacquisitionmatrixofonly32×32×32,1averageandscantimeof2mineach.Thetwoscans
wereperformedusingthesurfacecoil(coupledcoiloperation)andthevolumecoil(singlecoil
operation)forreception,respectively.SincetheB1+transmitfieldandB1Ͳreceivefieldofthe
volumeͲcoil couldbe consideredhomogeneouswithin the fieldof view, the signal intensity
ratioineachvoxelbetweenthetwolowresolutionscanscouldbeusedtonormalizethesignal
intensity in thehighͲresolutiondataset.ThecorrectionͲprocedurewasperformed inMatlab
(MATLABver2007a,MathWorksInc.).TheMRIsignalintensityinavoxelatlocation(x,y,z)was
normalizedusingthefollowingrelation:

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CCSC   Eq.4.1
whereCCCandCSCisthecoupledͲcoilandsingleͲcoilintensitiesinthecorrectionscandatasets
respectively, ICC istherecordedcoupleͲcoilsignal intensity inthemain3Ddataset,and ISC is
theresultingnormalizedsignalintensity.

4.3.2 SignalintensitymeasurementsinT1Ǧweightedimages
Thereceivergainwasheldconstantforallscansandthesignalscalingduringreconstructionof
theimageswascorrectedforbeforequantitativeanalysisofthedata.
Coronalimageslicescorrespondingtoapproximately–3.25mmfromthebregma(Paxinosand
Watson1998)wasusedforregionsofinterest(ROI)analysesofsignalintensityinpaperIand
II.ROIweremanuallyplaced in thecortex,hippocampus,externalcapsuleand thalamuson
day1,3and7scans(paperI)andinareasofcortex,hippocampus,thalamusandamygdalaon
day 42 scans (paper II) in the right ipsilateral hemisphere and anatomically corresponding
areas in the leftcontralateralhemisphere.Meansignal intensity (SI)wascalculated foreach
ROI,andameasureofthenormalizedrelativecontrastwascalculatedforeachROItocompare
the difference in signal intensity between the ipsilateral and contralateral hemispheres
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between animals and groups of animals. Relative contrast (RC) was calculated using the
followingequation:

Ipsilateral Contralateral
Ipsilateral Contralateral
ROI ROI
ROI ROI
SI SI
RC
SI SI
   Eq.4.2
4.3.3 DefiningmanganeseǦenhancement
ManganeseͲenhancementwasdefinedbyhighersignalintensitycomparedtoacontrolinthe
T1Ͳweighted image. Inpaper Iand II,pups injectedwith saline servedas control to identify
manganeseͲenhancement of cerebral tissue in general. For recognition of increased
manganeseͲenhancement related to pathology, signal intensity in the injured, right brain
hemisphere ipsilateral to the carotid artery ligationwas compared to the contralateral, left
brainhemisphere ineachanimal. Inallpapers, increasedmanganeseͲenhancement inbrain
areasintheipsilateralcerebralhemispherewasdefinedbyhavinghighersignalintensityonT1Ͳ
weightedimagesthaninanatomicallycorrespondingareasinthecontralateralhemisphere.
4.3.4 Volumemeasurements
Thevolumesof the right (ipsilateral)and left (contralateral)hemispheresaswellas thecyst
volumeweremeasuredbymanuallydrawingtheoutlinesof theremainingbraintissuesand
cyst in every image slice in the 3D T1Ͳweighted data set (paper II and III) and the T2Ͳmaps
(paperIV).
4.3.5 ApparentDiffusionCoefficientmaps
ADC analyseswereperformedwith the toolsof the FMRIB software library (FSL ver. 4.1.4,
OxfordCentreforFunctionalMRIoftheBrain,UK;www.fmrib.ox.ac.uk/fsl)(Smithetal.2004;
Woolrichetal.2009).
Inpaper III,asemiͲautomaticsegmentationmethodwasusedtoestimatethe lesionvolume
onADCͲmapsbasedontheassumptionthatchanges inADC intherightcerebraltissuewere
duetoinjurywhileADCinthelefthemispherewaspreservedandnormal.Afterinitialmanual
maskingof thebrainhemispheres, automatic clusteringwasperformedusing FAST (partof
FSL) (Zhang et al. 2001). The clusteringwas initializedwith input on the initial tissueͲtype
meansbasedonaverageADCvalues indifferenttissue(greymatter,whitematter,thalamus,
lesionwith lowADCandlesionwithhighADC).Inthismethodallvoxelsinbothhemispheres
wereassignedaclassvaluefrom1Ͳ5reflectingtheirADCͲvalue,whiletakingintoaccountthe
similarityofADCͲvaluesofneighbouringvoxels.Foreach class thevolumeof tissue ineach
hemispherewascalculatedbycounting thenumberofvoxels.Avolumedifferencebetween
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thetwohemispheresineachclasswasassumedtorepresentalesionvolume.Thetotallesion
volumewasthenestimatedfromthesumofthesevolumedifferencesacrossallclasses.
Inpaper IV, regionsof interest (ROI)weredrawn inparietal cortex, thalamus,hippocampus
andbasalgangliaoncoronalimageslicescorrespondingtoapproximately–3.25mmfromthe
bregma(PaxinosandWatson1998),andthemeanADCineachROIcalculated.
4.3.6 Diffusiontensorimages
DTI analyseswere performedwith the tools of the FMRIB software library (FSL ver. 4.1.4,
OxfordCentreforFunctionalMRIoftheBrain,UK;www.fmrib.ox.ac.uk/fsl)(Smithetal.2004;
Woolrichetal.2009).
Artefactsduetomotionandeddycurrentdistortionswereminimizedbyaffinetransformation
and coͲregistration of the diffusion encoded images to the b0 images. Data sets were
inspected for ghosting artefacts and those with severe artefacts were excluded from the
analysis.Masks for thebrainswere automatically created in eachb0 image and thebrains
extractedusingtheBrainExtractionTool(partofFSL).Avoxelvisediffusiontensormodelwas
thenfittedtothediffusionimagedatausingFDTver2.0(partofFSL),andmapsforthemean
diffusivity(MD),axialdiffusivity( ||O ),radialdiffusivity( AO )andfractionalanisotropy(FA)were
createdaccordingtoequations2.6to2.9.
Regionsof interest(ROI)weredrawn inthecentreofthegenu,bodyandsplenumofcorpus
callosum; internal capsule,external capsule,hippocampal fimbria and cingulumof the right
andleftcerebralhemisphereontheFAͲmapsandweredoubleͲcheckedtoliewithinthewhite
matterstructuresontheb0 imagesandMDͲmaps.SinceseveraloftheseROIcontained few
voxels, especially in the ipsilateral hemisphere where the size of these structures were
significantly reduced, severalROIwerecombined to threeROI (corpuscallosum, rightwhite
matter,andleftwhitematter)togetlargerROIandmorerobustmeasures.MeanFA,MD, AO 
and ||O wascalculatedineachofthesethreeROIineachanimal.
4.4 Histologyandimmunohistochemistry
4.4.1 Tissuepreparationandstainingofsections
Animals were sacrificed after MRI acquisition at different timeͲpoints (see Table 4.1 for
overview). They received an overdose of pentobarbital (300mg/kg) andwere perfused by
intracardialinjectionof4%paraformaldehyde(PAH)inphosphateͲbufferedsaline(PBS).Brains
wereremovedandembeddedinparaffin.
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Sections(8ʅm),eithercoronalcorrespondingto–3.25mmfromthebregma(paperI,IIandIV)
oraxial corresponding to–4.28mm from thebregma (paper III)were cut and stainedwith
either hematoxylinͲeosin (H&E) (Klinipath, Duiven, the Netherlands), antiͲMAP2 (SigmaͲ
Aldrich,Steinheim,Germany)forneuronalintegrity,antiͲcleavedͲcaspaseͲ3(CellSignaling)for
apoptosis, antiͲED1Ͳfitc (Serotec, Raleigh, NC) for CD68Ͳpositive activated
microglia/macrophages,antiͲMBP(SternbergerMonoclonals Inc.,Lutherville,MD)formyelin,
orantiͲGFAP (CymbusBiotechnology,Southampton,UK)asamarker for reactiveastrocytes.
Afterprimaryantibodyincubation,sectionswereincubatedwithsecondaryantibodies;either
ratͲantiͲFITCͲbiotin (Roche, Basel, Switzerland), goatͲantiͲrabbitͲbiotin (Vector Laboratories,
Burlingame, CA) or horseͲantiͲmouseͲbiotin (Vector Laboratories, Burlingame, CA).
Visualisation was performed using a Vectastain ABC kit (Vector Laboratories). In paper I,
sectionswere also stainedwith Flourojade B (Chemicon International, Temecula, CA,USA)
afterincubationin0.06%potassiumͲpermanganate,embeddedinDEPEXandvisualizedusinga
fluorescenceͲmicroscope intheFITCchannel.Fullsection imageswerecapturedwithaNikon
D1digitalcamera(Nikon,Tokyo,Japan) inpaperI,andwithaMIRAXMIDIsystem(CarlZeiss
MicroImagingGmbH,Jena,Germany)inpaperII,IIIandIV.
An overview of the different immunohistochemical stains that were used in the different
paperscanbefoundinTable4.1.
4.4.2 Evaluationofimmunohistochemistry
InpaperIandII,immunohistochemicalstainingwasqualitativelyevaluated,andtheareaswith
stainedcellswerecompared to theareaswithmanganeseͲenhancementon theT1Ͳweighted
images. A computerͲbased method was developed to evaluate the agreement between
increasedmanganeseͲenhancementanddifferentstaining inpaper Iand ispresented inthat
paper.
Inpaper II, IIIand IV, thenumberof cellswithdifferent immunohistochemical stainingwas
semiͲquantitativelyevaluatedbyscoringthedensityofstainedcellsindifferentregionsofthe
brainfrom0to3.Thecriteriaforthedifferentscores,variedaccordingtocelltypeandstaining
andaregivenintherespectivepapers.
In paper III, the tissue loss and neuronal loss were also evaluated semiͲquantitatively in
different regions of the right cerebral hemisphere and scored 0: no loss; 1: <33%
tissue/neuronalloss;2:33Ͳ67%tissue/neuronalloss;3:>67%tissue/neuronallossand4:Total
tissuedissolution.
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4.5 Statisticalanalyses
DifferentversionsofStatisticalPackagefortheSocialSciences(SPSSInc.,Chicago,IL,USA)and
STATAver.10.1(StataCorpLP,CollegeStation,TX,USA)wereusedforstatisticalanalysisand
thelevelofsignificancewassetto0.05.TͲtestswereusedtoanalysemeandifferencesindata
with underlying normal distribution: Student’s tͲtest to analysemean differences between
groupsandpairedtͲtesttoanalysemeandifferencesbetweentimeͲpointsandbetweenbrain
hemispheres.MannͲWhitneyͲU testwasused to testdifferencesbetweengroupswhen the
datawasnotconsideredtohaveanunderlyingnormaldistribution.Inpaper IIIand IV, linear
mixedmodelwasusedtoanalysetheeffectofexperimentgroup,MRItimeͲpoint,andpossible
confounding factors.Moredetailson the statisticalmethodsaredescribed in the respective
papers.

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Chapter5 Synopsisofpapers
PaperI
ManganeseǦEnhanced Magnetic Resonance Imaging of HypoxicǦIschemic
BrainInjuryintheNeonatalRat
MariusWiderøe,ØysteinOlsen,TinaBuggePedersen,PålErikGoa,AnnemiekeKavelaars,Cobi
Heijnen,JonSkranes,AnnͲMariBrubakk,ChristianBrekken.Neuroimage(2009)45:880Ͳ890
The aim of this study was to depict delayed neuronal death after HI using ManganeseͲ
enhancedMRI(MEMRI)andtoevaluatethespecificityofMEMRI indetectionofcellsrelated
toinjurybycomparisonwithhistologyandimmunohistochemistry.Tothisend,sevenͲdaysͲold
ratpupsweresubjectedtoaoneͲsidedhypoxicͲischemicbraininjury(HI).MnCl2wasinjected
intraperitoneallysixhoursafterwardsinonegroupofHIanimals(HI+Mn)andinonegroupof
controlanimals(Sham+Mn),whileanothergroupofHIanimals(HI+Vehicle)receivedNaCl.T1Ͳ
weighted images showed no increased manganeseͲenhancement (ME) in the injured
hemisphereondayoneorthreeafterHI.SevendaysafterHI,increasedMEwasseeninparts
of the injured cortex, hippocampus and thalamus among HI+Mn pups, but not among
HI+Vehicle or Sham+Mn pups. Comparison with immunohistochemistry showed delayed
neuronaldeathandinflammationintheseareaswithlateMEcorrespondingbesttoareaswith
highconcentrationsofactivatedmicroglia.
This study demonstrated that increasedmanganeseͲenhancement seemed to be related to
accumulation ofmanganese in activatedmicroglia in areas of neuronal death rather than
depictingneuronaldeathperse.
PaperII
LongitudinalManganeseǦEnhancedMagneticResonance ImagingofDelayed
BrainDamageafterHypoxicǦIschemicInjuryintheNeonatalRat
MariusWiderøe,ChristianBrekken,AnnemiekeKavelaars,TinaBuggePedersen,PålErikGoa,
CobiHeijnen,JonSkranes,AnnͲMariBrubakk.Neonatology(2011)100(4):363Ͳ372.
The study aimed to follow brain injury after hypoxiaͲischemia in rats longitudinally and
comparemanganeseͲenhancementofbrainareastothedevelopmentof injuryandpresence
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ofreactiveastrocytesandmicroglia.7ͲdaysͲoldratpupsweresubjectedtooneͲsidedhypoxicͲ
ischemic(HI)braininjury.PupswereinjectedwitheitherMnCl2orNaClafter6hoursandagain
onday41afterHI.LongitudinalT1ͲweightedMRIdemonstratedsevere lossofcerebraltissue
from day 7 to 42 days after HI. Most manganeseͲenhanced areas in the hippocampus,
thalamusandbasalgangliaonday7wereliquefiedafter42days.ManganeseͲenhancementon
day42correspondedtoareasofactivatedmicrogliaandreactiveastrocytes intheremaining
cortex, hippocampus and amygdala. However, themain area of enhancement was in the
remaining thalamus in a calcified area surrounded by activated microglia and reactive
astrocytes.
This study demonstrated that manganeseͲenhancedMRI can be a useful tool for in vivo
identification of cerebral tissue undergoing delayed cell death and liquefaction after HI.
ManganeseͲenhancement at a late stage seemed related to accumulation ofmanganese in
calcificationsandgliotictissue.
PaperIII
EffectsofDoxycyclineontheLongitudinalDevelopmentofCerebralGreyand
WhiteMatterInjuryinaNeonatalRatModelofHypoxiaǦIschemia–a
MagneticResonanceImagingStudy
MariusWiderøe,MarianneBHavnes,ToraSundMorken,JonSkranes,PålͲErikGoa,AnnͲMari
Brubakk.AcceptedforpublicationinEuropeanJournalofNeuroscience
The aim of this studywas to examine potential longͲterm neuroprotection by doxycycline
treatmentoncerebralgreyandwhitematter.HypoxicͲischemicbrain injury(HI)was induced
in7ͲdaysͲoldrats.Pupsweretreatedwitheitherdoxycycline (HI+doxy)orsaline (HI+vehicle)
by intraperitoneal injection one hour after HI. Six hours after HI, MnCl2 was injected
intraperitoneally for latermanganeseͲenhancedMRI. Therewas a tendency towards lower
lesionvolumesondiffusionmapsamongHI+doxythanHI+vehicleonedayafterHI.Volumetric
MRIshowedincreasingdifferencesbetweengroupswithtimeafterHIwithlesscystformation
and less cerebral tissue loss among HI+doxy pups than HI+vehicle. HI+doxy pups had less
manganeseͲenhancement on day seven after HI, indicating reduced inflammation. HI+doxy
hadhigherfractionalanisotropyondiffusiontensorimaginginmajorwhitemattertractsinthe
injured hemisphere than HI+vehicle, indicating less injury to white matter and better
myelination.HistologicalexaminationssupportedtheMRIresults.LesionsizeonearlyMRIwas
highlycorrelatedwithfinalinjurymeasures.
Thisstudydemonstrated thatasingledoseofdoxycyclinereduced longͲtermcerebral tissue
loss and white matter injury after neonatal hypoxiaͲischemia with increasing effect of
treatmentwithtimeafterinjury.
PaperIV

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PaperIV
LongitudinalDiffusionTensorandManganese–EnhancedMRIDetectDelayed
BrainInjuryAfterHypoxiaǦIschemiaandHyperoxiaintheImmatureRat
ToraSundMorken,MariusWiderøe,ChristinaVogt,StianLydersen,MarianneHavnes,PålͲErik
Goa,JonSkranes,AnnͲMariBrubakk.SubmittedtoPediatricResearch
Weaimed toevaluatehowexposure tohyperoxiaafterahypoxicͲischemic insult influenced
theprolonged injuryprocessusinga longitudinal studydesignusing repeatedMRIandDTI.
HypoxicͲischemicbraininjury(HI)wasinducedin7ͲdaysͲoldrats,andfollowedbyexposureto
eitherhyperoxia(100%O2)orroomair(21%O2)fortwohours.SixhoursafterHI,MnCl2was
injected intraperitoneallyfor latermanganeseͲenhancedMRI.OnedayafterHI,diffusionwas
more restricted in basal ganglia and hippocampus among hyperoxia animals, and the
magnitudeofrestrictionindiffusioncorrelatedtotheseverityoflongtermtissuedestruction.
SevendaysafterHImoremanganeseͲenhanced tissueandactivatedmicrogliawere seen in
thehyperoxiagroup.BraintissuedestructionwasmoresevereinthehyperoxiathanroomͲair
groupwithincreasingdifferencesuptoday42.DTIshowedreducedfractionalanisotropyand
increased radial diffusivity in corpus callosum among hyperoxia animals, indicating reduced
myelination.
This studydemonstrated thatexposure tohyperoxiaafterhypoxiaͲischemia in thenewborn
brainhadseverelongͲtermeffects,worseningthetrajectoryofdelayedgreyandwhitematter
injury.

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Chapter6 Discussion
6.1 Mainfindings
ThemainobjectiveofthisthesiswastoestablishmethodsforinvivoMRimagingofneonatal
hypoxicͲischemic brain injury to enable longitudinal evaluation of delayed tissue damage,
injuryprogressionandeffectsof interventionsonthe injuryprocess.Thiswasachievedafter
firstestablishingaratmodelforhypoxicͲischemicbraininjuryintheneonate.
InpaperIandII,manganeseͲenhancedMRI inthismodelofneonatalhypoxicͲischemic injury
wasestablished. Inpaper I,weshowedhowmanganeseͲenhancementwasdetectableseven
days after thehypoxicͲischemic insult andmanganese injection, and that the enhancement
wasrelatedtomicrogliosisandastrogliosissecondarytotheHIinjury.InpaperII,weexamined
the longitudinal development of thesemanganeseͲenhanced areas and showed how these
areas liquefied up to sixweeks after the initial HI insult. Activatedmicroglia and reactive
astrocyteswerealsopresentinsomebrainareassixweeksafterhypoxicͲischemicinjury,and
manganeseͲenhancement was seen in these areas with gliosis and in areas with tissue
calcifications. Inpaper IIIand IV,manganeseͲenhancedMRIwasusedasatooltoassessonͲ
going tissue inflammation and gliosis seven days after the hypoxicͲischemic injury. In both
studies,thevolumeofmanganeseͲenhancementwas influencedby intervention.Thevolume
ofmanganeseͲenhanced tissuewasalsoshown tocorrelatewith thesubsequent increase in
cystvolume inpaper III.These resultsdemonstratedhowmanganeseͲenhancedMRIcanbe
usedtofollowdelayedtissuelossandaccompanyingglioticandinflammatoryprocesses.
Inallpapers,oneofthemainfindingswasthatthebraininjuryfollowinghypoxiaͲischemiaisa
continuousprocesswith tissue lossandreactivecellsandcelldeathup toat leastsixweeks
aftertheinitialinsult.Furthermore,usingdiffusiontensorimaginginpaperIIIandIV,wealso
showedhow thedevelopmentalmaturationand injury towhitematter tractswereaffected
overtimebythehypoxiaͲischemiaandhyperoxia.
Althoughthecerebral injurywasshowntoevolveuptosixweeksafterthehypoxicͲischemic
insult,lesionvolumemeasurements(paperIII)andrestricteddiffusioninthalamus(paperIV),
bothondiffusion(ADC)mapsonedayafterhypoxiaͲischemia,werefoundtopredictthelongͲ
termcerebrallesionsizeandinjurytowhitemattertracts.
 Chapter6Discussion

 56

In paper III,we examined the long term treatment effect of doxycycline, and found that a
single dose provided neuroprotection in the form of reduced lesion size, reduced cyst
formationand less injury towhitematter tracts.The longitudinaldesignwith repeatedMRI
measurements inthisstudydemonstratedthattheeffectofdoxycycline increasedwithtime
afterhypoxiaͲischemia.Another important finding in this studywas that the injury sizewas
correlatedtothetimebetweenseveringofthecommoncarotidarteryandhypoxia.
Inpaper IV,weexplored the influenceofexposure tohyperoxiaafterhypoxiaon thebrain
injury development. Themain finding of this studywas that hyperoxia increased cerebral
tissue loss, inflammatory responseandwhitematter injurycompared to roomͲairexposure.
Again, longitudinalMRIdemonstratedhow the interventionaffected the trajectoryof injury
development.Inthisstudy,structuralandcellularchangeswerealsoseeninthecontralateral
hemisphere.
6.2 Methodologicalconsiderations
6.2.1 Theanimalmodel
TheVannuccimodelwaschosenbecauseitisawellestablishedandwellcharacterizedmodel
forhypoxicͲischemicbrain injury in theneonate.Severalstudieshaveshown that themodel
gives reproducible insults that give injuries similar towhat is seen in asphyxiatedneonates
(Rice et al. 1981; Vannucci and Vannucci 1997; Vannucci andHagberg 2004; Vannucci and
Vannucci2005).Insultstotheneonatalbrainatdifferentmaturationalstagescanbemodelled
bygivingtheinsultatdifferentpostnataldays.Inthisthesissevendaysoldratpupswereused
since thematurationof the ratbrainat that timehasbeen shown tocorrelate to thebrain
maturation of amoderately premature human foetus around 32Ͳ34weeks gestational age
(Yager2004).
Influenceofrecoverytimebetweenoperationandhypoxia
Oneofthestrengthsofthemodel isthatthemagnitudeofthe insultcanbeadjustedbythe
duration of the hypoxia. However, other experimental factors like temperature, O2Ͳ
concentration,strainand laboratoryenvironmentalso influencethe lesionsize.Theduration
ofhypoxiaandtemperatureduringhypoxiawerethereforeoptimizedduringapilotphase.In
our laboratory,75minuteswith8%O2at36°gaveconsistent large injuries,withalmostno
mortalityduringhypoxia.Thisdurationofhypoxiawasused inpaper I, IIand IV. Inpaper III,
theexperimentalconditionsweretheexactsame,butthedurationofhypoxiawasreducedto
60minutestogivesmallerinjuries.Thisresultedinalargevariationinlesionsize,rangingfrom
nodetectable injurytorelatively large lesionswithcystformation.Thiswasnot likelydueto
geneticor environmental factors, as thepupswere siblingsof an inbred rat strain,making
them genetically extremely similar and exposed to the same environment.We therefore
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searchedforfactors intheexperimentalsetupthatcouldpossiblyexplainthisvariation, like
weightonpostnatalday seven,operator,durationofoperatingprocedure, incidentsduring
operations (small bleeding, respiratory problems, anaesthesia problems, etc), litter effect,
differentexposuretohypoxiaand injectionsofmanganese,doxycyclineandsaline.However,
the only parameter that correlated with lesion size onMRI was the recovery time from
operationwithseveringoftherightcommoncarotidarterytothe initiationofhypoxia;short
recoverytimegave larger lesions.Sincepups ineach litterareoperatedsequentially,butthe
entirelitterisexposedtohypoxiasimultaneously,thetimetorecoverbeforehypoxiawillvary
between pups of the same litter. Short recovery time gives less time to recover from the
anaesthesia and less time to feed. In thepilotphase,wenoted thatpups thatdiedduring
hypoxiawereoften theoneswhichhadnotbeen fedproperlybefore thehypoxia, i.e.not
showing awhite belly characteristic of a stomach filledwithmilk. Less feedingmay give a
subsequentriskofdepletionofglucosereservoirsduringhypoxia,andhypoglycaemiaisknown
to increase thehypoxicͲischemic injury (VannucciandHagberg2004;VannucciandVannucci
2005). Another explanation may be that the brain hemisphere ipsilateral to the severed
commoncarotidarteryismoresusceptibletoinjurybyhypoxiaifthecollateralcirculationhas
hadlesstimetoadaptandensureoptimalredistributionofbloodflow.
This correlation between recovery time and lesion size has to our knowledge not been
reportedbefore,but it isgenerallyrecommendedthatthetime intervalbetweenseveringof
thecarotidarteryandhypoxia iskeptbetween2and4hours.Thisconditionwasalsomet in
ourexperimentwithrecoverytimerangingfrom2h10minto3h47min,yetrecoverytimestill
influencedtheseverityoftheinjury.InpaperI,IIandIV,wherethedurationofhypoxiawas75
minutesandthelesionsrelativelylarge,wedidnotfindsuchacorrelation.Sincemoststudies
using the Vannuccimodel also have relatively large lesions, it seems that the influence of
recoverytimeisonlyevidentatshorterdurationsofhypoxia,andthatthereisathresholdfor
whenhypoxicͲischemicinjuryensuesthatisinfluencedbydurationofhypoxia,butalsobythe
recoverytime.
Injurytothecontralateralhemisphere
Oneadvantagewith theVannuccimodel is theunilateralhypoxicͲischemic injury it creates.
The cerebralhemisphere contralateral to the severed carotidartery isnotusuallydamaged
andcanbeusedasacontrol (Riceetal.1981;Towfighietal.1995;VannucciandVannucci
1997). Inaccordancewith this,we found inpaper I that thesignal intensitiesonMRI in the
contralateralhemisphereofhypoxicͲischemicpupsaftermanganeseͲinjectionweresimilarto
that of sham operated animals. Furthermore, therewere no structural or cellular changes
indicating injury in the contralateral hemisphere among the HI pups.We therefore took
advantage of this and used the contralateral hemisphere as control in order to quantify
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manganeseͲenhancementandinjurysizeinpaperIͲIV.InpaperIIwefurthershowedthatthe
contralateralhemispherewassimilarinsizeamongHIpupstothatofshampups,andthatno
cellularchangesorinjuriesweredetectableonhistologyaftersixweeks.Thesamewasshown
inpaper III,however in thispaper theuntreated animalshad slightly lower volumesof the
contralateral, left, hemisphere than sham, indicating some injury to that hemisphere.
Furthermore, inpaper IVwe foundreduceddiffusion indicating injury incontralateralcortex
onedayafterHI,and lowervolumesofthecontralateralhemisphereamongHIanimalsthan
sham on days 7, 21 and 42 afterHI. These findingsmay be explained by the overallmore
severeinjuryseeninthisstudy.Therewasalsoalinearrelationshipbetweenbodyweightand
contralateralhemispherevolumeonday42, indicating that reducedbrainvolumescouldbe
related to a general growth restriction. In paper III and IV, diffusion tensor imaging also
indicated changes in the contralateral cerebral hemisphere amongHI pups,with themost
severechangesamonganimalswithother signsof severe injury. Inpaper IV,where injuries
werelargest,theseMRfindingswereaccompaniedbyapoptoticcellsincontralateralgreyand
whitematterandactivatedmicroglialcells incontralateralwhitematter.Overall, the results
fromourstudiessuggestthatlargeinsultscaninducedamagetothecontralateralhemisphere
that can be quantified onMRI as reduced hemispheric volumes. Furthermore, even subtle
injuriescanbedetectedwithtechniquesabletoshowchanges intissuemicrostructure,such
asdiffusion tensor imaging.Large insultsmayalsogiveageneralgrowthrestriction thatcan
influence thegrowthofboth the ipsiͲandcontralateralhemisphere (Andinéetal.1990). In
consequence,cautionmustbeadvisedwhenusingthecontralateralhemisphereasacontrol,
andothercontrols,suchasshamanimalsshouldbeusedinaddition.
6.2.2 PossibleeffectsonanimalphysiologyduringMRIacquisition
Inthestudiesofthisthesis,MRIhasbeenusedtofollowtheprogressionofhypoxicͲischemic
injuryover the courseof time. Themain advantagesofMRI are that it isnonͲinvasive and
allowsrepeatedmeasuresofanatomicalstructuresandfunctionalcorrelates.However,factors
relatedtotheMRIacquisitioncouldpossiblyinfluencetheanimalphysiologythatagaincould
influenceinjurydevelopment.
PossiblestressorsrelatedtoMRIscanning
Theanimalswere transported from theanimal facility to theMRCentre.This transportand
arrivalinanewenvironmentislikelytoinducestress.Thesamemaybetruefortheexposure
tonoiseproducedbytheMRͲmachine.Animalswerekeptinaninsulatedroomseparatefrom
theMRͲmachine,wherethenoisewasbarelyaudibletothehumanear.Still,consideringthat
ratshaveanextended rangeofhearing frequencies,stressfuleffectsof thenoisecannotbe
ruled out.When animalswere in theMRͲmachine, theywere anesthetized, so that noise
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duringscanningshouldnotbeperceivedby theanimal.However, ifstressed, thismayhave
contributedtoworseningofthehypoxicͲischemicinjury(Smithetal.2011).
Possibleeffectsofanaesthesia
ForanaesthesiaduringMRͲscanning,inhalationanaesthesiawithIsofluranewaschosen,since
it is thepreferredmethod foranaesthesia inall rodentsand isasafeandeasymethod that
gives rapid inductionofanaesthesia,providesgoodcontroloveranaestheticdeptand rapid
awakening after termination of anaesthesia (Flecknell 2009). However, isoflurane may,
dependingon thedose,give reduction inarterialbloodpressuredue tovasodilatation,and
respiratory depression. Furthermore, there is evidence that isoflurane may be both
neuroprotectiveandneurodegenerativeinthedevelopingbrain(ZhaoandZuo2004;Flecknell
2009; Istaphanous and Loepke 2009; Wang et al. 2009a; Chen et al. 2011). The
neurodegenerativeeffectof isofluranehasprimarilybeen linked toan increase inapoptosis
(Xieetal.2008;IstaphanousandLoepke2009;Wangetal.2009a).Inourstudieswedidnot
seeapoptoticcellsinshamanimals,andinpaperIandIIwedidnotseeanyapoptoticcellsin
the contralateral hemisphere, which could indicate proͲapoptotic effects of isoflurane
administrationinourexperiments.ThefewnumbersofapoptoticcellsfoundsixweekafterHI
in ipsilateralhemisphere inpaper IIand IV,and in thecontralateralhemisphere inpaper IV
maybe related to repeated isofluraneexposure,butaremore likelyeffectsofaprolonged
damageprocesscausedbytheseverehypoxicͲischemicinsult.
Possibleeffectsofmagneticfieldsandradiofrequencypulsing
AlthoughMR imaging isgenerallyconsidered safe,evenathighmagnetic fields like7Tesla,
there are issues related to the staticmagnetic field, timeͲvaryingmagnetic gradients and
radiofrequencypulsingthatmayinfluenceanimalphysiologyandneedtobediscussed.Avast
numberofreportsoverseveralcenturieshaveshownnoevidenceforbiologicaleffectscaused
bystaticmagneticfields,inhumans,animalsorcellcultures(Schenck2000;ShellockandCrues
2004),butrelativelyfewstudieshaveexaminedtheeffectsofhighfieldMRI.Inastudywhere
humanhealthyvolunteerswereexposedtoan8Teslastaticmagneticfield(for5Ͳ25minat8T
andlowerfieldstrengthsasthesubjectadvancedintothemagnet),aslightincreaseinsystolic
bloodpressurewasfound(Chakeresetal.2003).Allotherphysiologicalvitalsigns, likeheart
rate, respiratory rate, diastolic blood pressure, blood oxygenation level, and core body
temperaturewereunchanged.However,theexposuretimewasshortcomparedtoscantimes
inourexperimentsthatrangedupto1.5hours.
MoreevidenceexiststothebiologicaleffectsoftimeͲvaryingmagneticfieldgradients.These
may induce electric currents that influencenormal functionofneurons andmuscles, giving
peripheralnervediscomfortorpain,muscletwitching,andmayleadtocardiacandrespiratory
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stimulationatlongramptimesandhighslewratesofthemagneticfieldgradient(Schaeferet
al.2000;ShellockandCrues2004).Inourstudies,animalswereanesthetizedduringscanning
andramp timesandslewrateswerebelowestimated thresholds forcardiacandrespiratory
stimulations. All together, it is unlikely that effects of high field strength and timeͲvarying
magneticfieldgradientsshouldinfluenceanimalphysiologyinourexperiments.
Radiofrequency pulsing on the other handmay have potential physiological effects in the
animals,sincetheenergyoftheradiofrequencypulse isdeposited inthetissueandmaygive
risetoanincreaseintemperature.Thisdepositionofenergy,whichmeasureisreferredtoas
thespecificabsorptionrate(SAR),dependsontheamountofenergyandthefrequencywith
whichtheenergyisdeposited,thedurationofexposure,inadditiontotheabilityoftheanimal
toredistributeanddisposeofthisheat(Shellock2000;ShellockandCrues2004).Theenergy
needed toproduce for instancea90°Ͳpulse increaseswith fieldstrengthand theproblem is
thereforehighlyrelevantat7Tesla.Furthermore,neonateshavepoortemperatureregulation,
makingthem lessabletoadjustforsuchan increase intissuetemperature.Arise incerebral
temperaturemayhaveresultedfromhighSARduringMRIacquisition,andsuchhyperthermia,
especiallyonedayafterhypoxiaͲischemia,wouldpotentiallyaggravate thehypoxicͲischemic
injury(CorbettandThornhill2000;Yageretal.2004).Inourstudies,wedidnotmonitorSAR
values. However, the low flip angle (30°) and gradient echo readͲout of the signal in the
sequenceusedforthemanganeseͲenhancedimaginggivesrelativelylowSARvalues.Theecho
planar imaging sequence (EPI)with spinͲecho diffusion preparation used for the DTI gives
somewhatmoreSARduetothe90°Ͳand180°Ͳpulses inthediffusionpreparation. Inpaper I
and IV we also used a multiͲspinͲecho sequence (MSME) and a fast spinͲecho sequence
(RARE),respectively,toacquireT2Ͳmaps.ThesesequencesmaypotentiallygivehighSARvalues
due to theuseofmultiple180°Ͳpulsesafter theexcitationpulse for fastreadoutofmultiple
echoes and/or kͲspace lines (Shellock 2000). The duration of these two sequences was
relativelyshort,andthetotalscantimeondayonewasbelowonehourinpaperIandIIand
was further reduced inpaper IIand IVwhichgave a reduction in the total SAR (i.e.energy
accumulation in tissue). The body temperature of the animals was measured during the
experiment,anduncontrolledriseintemperaturewasnotaproblem,supportingthathighSAR
valueswasnotamajorprobleminourstudies.
TemperaturecontrolduringMRIscanning
Due to the anaesthesia and relatively cold roomͲair surrounding themagnet, the challenge
wasrathertokeeptheanimalswarmduringscanning.Thiswasachievedusingadesignated
bedwithcirculatingwarmwaterinadditiontocoveringtheratswithcottonwool.Afterabrief
cooling (3Ͳ4minutes), due to the induction of anaesthesia, the rat pups regained normal
temperaturewithin approximately 10minutes.As hypothermia has neuroprotective effects
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(Jacobs and TarnowͲMordi2010), thisbrief coolingmayhave reduced thehypoxicͲischemic
injury.
In all of our studies, the influence of all these factors related to animal handling andMRI
acquisitionwerecontrolledforbyhavingcontrolgroupsthathadthesamehandlingandMRI.
Still,an interactionbetween severityof the insultand suchenvironmentalandphysiological
factorscannotbecompletelyruledout.Suchaninteractionmayhaveinfluencedtheresultsto
giveboth largerandsmallerdifferences;betweentreatmentgroups inpaperIIIandbetween
exposuregroupsinpaperIV.Oneimprovementtoourstudydesignswouldhavebeentohave
controlgroupstoexaminetheeffectsofrepeatedMRIandexposuretorepeatedanaesthesia
onthedevelopmentofhypoxicͲischemicinjury.Toourknowledgethishasnotbeenexamined
before,butonestudyhasexaminedtheeffectsofrepeatedMRIat7Teslainboth15daysold
ratembryos (E15) inuteroand14daysoldneonatal rats (P14)using isofluraneanaesthesia
(Zhuetal.2011).Afterexposure toa similarMSME sequenceaswasused in this thesis for
approximately35minutes fourdays ina row,noeffectson cellproliferation,neurogenesis,
astrogenesis,celldeathormemory functionwere found.This supportsageneralconclusion
thatrepeatedMRIcanbeconductedsafelyinneonatalratpupsafterhypoxicͲischemicinjury.
6.2.3 Diffusiontensorimaging
Diffusion tensor imaging (DTI) isagood technique for imagingcerebralwhitematter,but is
challenging to perform in vivo in the rodent brain due to the relatively small nerve fibre
bundlescomparedtohumans.SpinͲechoDTIsequencesusingsinglelinereadͲoutofthesignal
havegivengoodqualityDTIoftherodentbrains,buttheirdisadvantageisthelongscantimes,
uptoseveralhours,toachievesufficientresolutionandnumberofdiffusiondirections.Inour
studieswethereforechosetouseadiffusionsequencewithEchoPlanar Imaging (EPI)readͲ
outtechniquethatallowsentirekͲspacetobeacquired inonerepetition,hencedramatically
reducingscantime.Thisallowshigherresolutionandmorediffusiondirectionsinvivo,further
improving thequalityof theDTImaps.However,EPI isprone toeddycurrentandchemical
shiftartefactsandgeometricdistortionsandghostingeffectsintheimagecausedbymagnetic
field inhomogeneities and rapid gradient switching. For the studies in paper III and IV,we
optimized a standard DTIͲEPI sequence provided in the software on the magnet consol
(Paravision4.0;BrukerBiospin).MultishotaxialimageslicesincombinationwithaleftͲtoͲright
readͲoutdirectionwerechosen,sincethisinpracticegaveacombinationofhighestresolution
foragivenscantimewithminimalghostingeffectsandonlyminorgeometricdistortions.High
receiverbandwidthwasusedtoreducechemicalshiftartefacts.Eddycurrentsthatarisedue
tothefastswitchingofthegradientsmaymodifythegradientpulseexperiencedbythespins,
thuscausingaphaseshift.IntheEPIsequence,afterreconstruction,thistranslatesintoghost
imagesthatappearhalfthefieldofviewawayfromtheirorigin(LeBihanetal.2006).Toavoid
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suchghosts toappear in the cerebral tissueof interest, fieldofview in thephaseͲencoding
directionwaslarge.Afterreconstruction,imageswereexaminedforghostingthataffectedthe
signalofthebrain,andsomeanimalswithsevereghosting,particularlyinpaperIV,wherenot
included in the analyses. Furthermore, to reduce image artefacts due tomotion and eddy
currentdistortions,affinetransformationandcoͲregistrationofthediffusionencodedimages
to theb0 imageswereperformed, and the result of thisprocedurewas visually inspected.
Bettershimofthemagneticfield,bettergradientsandparallelimagingtechniquescouldhave
furtherimprovedtheimagequalityoftheDTIͲEPIsequence,butwasnotavailableatthetime
ofthestudy.
The analyses ofwhitematter diffusivitywas challenging in the severely injured brain since
muchofthewhitemattertissueintheipsilateralhemispherehadseverelyreducedthickness
orwas liquefied. Inpaper IV, injureswere so severe that regionsof interestanalyses in the
ipsilateralhemisphereweredeemedmeaningless,exceptforinthecorpuscallosum.Inpaper
III,thewhitemattertractswerepresent,butsometimeswithreducedsize.Regionsofinterest
werethereforeplaced inthecentreofthestructurestoavoidpartialvolumeeffects,suchas
causedbyincludingnonͲwhitemattertissueintheROI.Thishowever,resultedinROIwithfew
voxels in each whitematter structure. To compensate for this and create amore robust
measure, three large ROIswere created by combining genu, body and splenum of corpus
callosumtoonecorpuscallosumROI;internalcapsule,externalcapsule,hippocampalfimbria,
andcingulumoftherightandleftcerebralhemispheretorightwhitematterROIandleftwhite
matterROI,respectively.
6.2.4 Toxiceffectsofmanganese
Toxic effects ofmanganese arewell known (Crossgrove and Zheng 2004; Silva et al. 2004;
Wendland2004;Aschneretal.2005;Eriksonetal.2007;Rovettaetal.2007)andareamajor
concernwith regard tomanganeseͲenhancedMRI (Silva andBock 2008), andmore so in a
neonatalmodel (Erikson et al. 2007). Previous studies in humans and animalmodels have
shown both acute liver toxicity (Crossgrove and Zheng 2004; Rovetta et al. 2007),
cardiodepressiveeffects(Bruroketal.1997;CrossgroveandZheng2004;Wendland2004)and
neurodepressive effects like somnolence, ataxia, convulsions and reduced seizure threshold
(Silva et al. 2004) related to high loads of manganese. However, more common is the
neurotoxic effects seen after chronic exposure to manganese, resulting in an irreversible
syndrome calledmanganism.Manganism is thought to result fromneuronaldamage in the
basalganglia,and ischaracterizedbyneurological symptomsand sign similar toParkinson’s
disease, includingdystonia,bradykinesiand rigidity (Takeda2003),butalsobymemory loss,
headacheandinsomnia(CrossgroveandZheng2004).
Methodologicalconsiderations

63 

Duringthepilotperiodbeforethe initialexperimentspublished inpaper I,differentdosesof
MnCl2weretested.Basedonpreviousstudiesinneonatalandadultrodents(Aokietal.2004;
Wadghirietal.2004;Watanabeetal.2004b;Leeetal.2005),differentdosesofMnCl2ranging
from20to120mg/kgweretestedandevaluatedwithrespecttocontrasteffectandtolerance
intheneonatalpups.Highmortalityresultedfromadoseof120mg/kg,whiledosesof20,40
and60mg/kgwerewelltolerated.Dosesofboth40and60mg/kggavegood tissuecontrast,
but since thedifferencewas small and sufficient contrastwasobtainedwith 40mg/kg, this
dosewaschosenwithrespecttopossibletoxiceffects.Differenttimingofthe injectionswas
alsotested.InInitialtests,pupswereinjectedimmediatelyafterseveringofthecarotidartery,
butthisresultedinhighmortalityduringhypoxia.Thecausewasunclear,butcanberelatedto
bothcardiodepressiveeffectsandneurologicaleffects like reduced seizure thresholdcaused
by high manganese blood content (Crossgrove and Zheng 2004; Silva et al. 2004) in
combinationwith thehypoxia. Injections sixhours after thehypoxiawere then tested, and
werewelltoleratedandgavegoodgeneraltissuecontrastonMRIonedayafterwards(Paper
I).
WhenMnCl2wasinjectedintraperitoneallyataconcentrationof100mMintheinitialtests,we
sometimessawlocalskinreactions.TheseskinreactionswereavoidedwhenthedoseofMnCl2
wasdiluted in0.9%NaCl.Thisdilutionalso increased theaccuracy fordelivering thecorrect
dose ofMnCl2, as the total injection volume increased from approximately 50ђl to 100 or
150ђl.
Apart from these acute effects, no toxic effects ofmanganese were seen in our studies.
Althoughthestudieswerenotspecificallydesignedtoexaminethetoxiceffectsofmanganese,
comparison of the hypoxicͲischemic injury and growth between manganeseͲexposed and
controlswaspossibleinpaperI,IIandIV.Inthesestudiesnoadditionaleffectsofmanganese
were seen on body weight, weight gain, injury volumes, or histological and immuneͲ
histochemicalevaluationofthebraintissue.However,subtlehistologicaleffectsoreffectson
functionaloutcomewerenottestedforandmayoffcoursehavebeenpresent.
There have also been reports thatmanganese inducesmicroglial activation (Filipov et al.
2005). Thismay have influenced our results, but again since immunohistochemical findings
werethesameinHIanimalswithandwithoutmanganese,thisisnotlikely.Furthermore,we
didnotseeanymicroglialactivationinshamanimalsthatweregivenmanganeseinpaperI,II
andIII.
6.2.5 IdentificationandquantificationofmanganeseǦenhancement
Manganese in tissue primarily reduces the tissue T1, and is thus best visualized using T1Ͳ
weightedimaging.Toquantifythiseffect,T1Ͳmappingcanbeusedtogivetheactualreduction
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inT1causedbymanganese.Inpurewater,thisreductioninT1isafunctionoftherelaxivityand
the concentrationofmanganese (see Eq. 2.4).Hence themanganese concentration can be
estimatedfromtheT1Ͳreduction.However,intissue,withdifferentcompartmentsandbinding
ofmanganese,therelationshipbetweentissuemanganeseconcentrationandchange inT1 is
farmore complex. Furthermore,T1Ͳmappingusing spinͲecho is time consumingdue to long
repetition times.Other timeefficientmethodswithhigh spatial resolution, suchasgradient
echosequenceswithvariableflipͲanglesarewidelyusedonclinicalsystems,buthaveshown
togiveunreliablemeasuresofT1onourMRsystem(Huuse2010).
Inallpapersofthisthesis,aspoiledgradientecho(FLASH)sequencewasusedtoacquireT1Ͳ
weighted imagesthatwereusedto identifymanganeseͲenhancement.ThechoiceofaFLASH
sequence formanganeseͲenhanced imagingwasmotivatedby itsproperties that couldgive
high resolution 3D T1Ͳweighted images in a short scan time. Furthermore, several previous
studieshadsuccessfullyusedaFLASHsequenceforMEMRI(Watanabeetal.2004a;Alvestad
etal.2007;Thuenetal.2008).Inthepilotperiodthissequencewasoptimizedusingphantoms
andanimals.Sincehighspatial resolutionwasahighpriority, repetition timeand flipͲangles
wereoptimized to givebestpossible contrastͲtoͲnoisewithin a given scan time, at a given
resolution.However,inretrospect,usingthissequence,weexperiencedlowcontrastͲtoͲnoise
in someof themanganeseͲenhancedareaswithblurredboundariesbetweenenhancedand
nonͲenhanced tissue. Thismade itparticularlydifficult todesign automatedprocedures for
detectionand segmentationofmanganeseͲenhanced tissue.Abetterprioritymay therefore
havebeentoreducetheresolution,increaserepetitiontimeandflipͲanglestoimprovesignal
intensity and tissue contrast. Improved T1 contrast may also have been obtained using
saturationorinversionrecoverypreparations,oraT1ͲweightedspinͲechosequence,butallat
thecostofreducedresolutionand/orincreasedscantime.
Since a T1Ͳweighted sequence was used for imaging, the identification of manganeseͲ
enhancement reliedondifferences in signal intensitybetweenenhancedandnonͲenhanced
tissue. Comparison of signal intensity is challenging as it is dependent on several factors:
acquisitionmethod,homogeneityof theexcitation (B1+)and receive field (B1Ͳ), subjectmass
and placement in scanner, receiver gain and signal scaling. In our studies, the acquisition
method was the same, signal intensity measures using only the volumeͲcoil showed
homogeneous signal intensityacross the fieldͲofͲview inaphantom, receivergainwasheld
constantandsignalscalingwascorrectedforduringreconstruction.Thespatialvariationinthe
sensitivityof the receiver surface coilswasa challenge thatwasovercomebyperforminga
correctionofthesignal intensitybasedonthesignalratiobetweentwo lowͲresolutionscans
using the surface and volume coils for reception. Furthermore, other limitations of signal
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intensity were compensated for by comparing the signal intensity in corresponding tissue
areasinipsilateralandcontralateralhemispheresinthesamebrain.
TherewasachallengetodetectandquantifymanganeseͲenhancementinpathologicaltissue,
since normal tissue was alsomanganeseͲenhanced. In paper I and II we used regions of
interest to test for differences in signal intensity between corresponding areas in the two
hemispheres.TheresultsfromthesetwopapersshowedthatmanganeseͲenhancementcould
be defined by higher signal intensity in the ipsilateral hemisphere compared to the
contralateralhemisphereand that thismanganeseͲenhancementwasrelated topathological
tissue.However, asdemonstrated inpaper I, at early timepointspathological areas in the
ipsilateral hemisphere showed increased signal related to manganese when compared to
animalswithoutmanganese,butnotwhencomparedtothecontralateralhemisphereorsham
withnormalmanganeseͲenhancement.ThisdemonstratedthedisadvantagethatMRIcontrast
agentsareindirectmethodsforcreatingtissuecontrast:Sincecontrastiscreatedbyreducing
T1orT2ofthetissue,hencealteringthesignalintensitiesinweightedimages,otherconcurring
tissueprocessesmayalsoalter the signal in the sameoroppositedirections– increasingor
reducing the effects of the contrast agent. In our animal model such concurring tissue
processesondayoneanddaythreecouldbetissueoedemaortissue liquefaction increasing
tissueT1andT2,andincreasedtissueironthatwouldresultinT2*effectswithreducedsignal.
Such effects reduced the sensitivity of our method in detecting pathological manganeseͲ
enhancementand likely led toanunderestimationofpathologicalmanganeseͲenhancement
alsoatlatertimeͲpoints.
In paper III and IV,manganeseͲenhancementwas defined in the sameway as in the first
papers.WeusedthisdefinitiontomanuallytracetheareasofmanganeseͲenhancementinthe
ipsilateralhemisphereandcalculatedthevolumesofmanganeseͲenhancedtissue.We ideally
wanted to develop a robust automated procedure to segment out these areas. However,
comparisonofsignalincorrespondingstructureswasdifficultsincetheinjurytotheipsilateral
hemisphereledtoadistortedanatomyinboththeipsiͲandcontralateralcerebraltissue.Such
changesinanatomywereeasilydetectedandcompensatedforbythehumaneye,butnotby
automated computer procedures. Hence a possible human bias was introduced in our
analyses.
6.3 WhatdoesmanganeseǦenhancementmean?
ThepurposeofusingmanganeseasaMRIcontrastagentinthisthesiswasinitiallytovisualize
thedelayedneuronaldeathfollowinghypoxiaͲischemia.ThehypothesiswasthatMn2+would
actasacalciumanalogueandthereforecouldbeusedasaproxyforhighintracellularcalcium
associatedwith cell death. In paper Iwe explored this hypothesis and found no increased
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manganeseͲenhancementat the timeofmaximumneuronaldeathoneand threedaysafter
HI. The increased signal in sham animals and in the contralateral hemisphere of animals
injectedwithmanganese showed thatmanganesewas present in the brain at these timeͲ
points, but not more so in areas with onͲgoing neuronal death, as shown on histology.
Thereforetheoriginalhypothesis,thatmanganesewouldaccumulateinapoptoticandnecrotic
cells did not seem valid. The same conclusion was also drawn by two other studies that
examined ischemic injury inneonatalandadultbrain (Yangetal.2008a;Kawaietal.2010).
Instead,increasedmanganeseͲenhancementwasvisiblesevendaysafterHIinareaswhichon
histological examinations showed neuronal death, astrogliosis and activatedmicroglia.We
thereforeconcludedthatwiththismethodofMEMRIwedidnotvisualizeneuronaldeathper
se, but that increased manganeseͲenhancement was related to delayed inflammatory
reactions, such as astrogliosis andmicrogliosis secondary to the initialhypoxicͲischemic cell
death.
Concurrentwithour studies,Yangetal. (2008a;2008b) conducted two studies,where they
examinedmanganeseͲenhancement after severe andmildhypoxiaͲischemia in theneonatal
ratbrain. In the firststudywithseverehypoxicͲischemic injury (Yangetal.2008a), theysaw
thesamepatternofmanganeseͲenhancementasinourstudieswithapeakarounddayseven
afterHI,butwithmoreenhancementondaythreeafterhypoxiaͲischemiathan inourstudy.
Thisearlierdetectionofsignificantenhancementcanberelatedtoanalmostdoubledoseof
MnCl2 (88mg/kg) than inourstudies (Yangetal.2008a).However, itmayalsobe related to
different imagingtechniques.WhileweusedaspoiledgradientͲecho(FLASH)sequence,Yang
et al used a T1Ͳweighted spinͲecho sequence. The lattermay have provided a better T1Ͳ
weighting giving better contrast tomanganese in tissue,while the formermay have been
sensitive to signal reduction caused by T2*Ͳdecay due to iron in the same area and thus
reducedcontrast.InthesecondstudybyYangandWu(2008b),theyfoundthesametemporal
pattern ofmanganeseͲenhancement, this timewith amild hypoxicͲischemic insult giving a
predominantlyfocalcortical lesion.Inbothstudies,theycomparedmanganeseͲenhancement
withhistologyand found it to correlate spatiallyand temporallywithGlutamineSynthetase
(GS)andManganeseͲSuperoxideDismutase(MnSOD).GS isfoundmainly inastrocytesand is
upͲregulated in response toglutamateexcitotoxicity (Lehmannetal.2009),while increased
MnSOD is found primarily inmitochondria of neurons andmicroglia upon oxidative stress
(Bidmon et al. 1998). However, Yang et al (2008a; 2008b) did not perform histological
examinationsto lookformacrophages/activatedmicroglia,reactiveastrocytesorapoptosis.
Inourstudies,wefoundagreatoverlapbetweenreactiveastrocytes,activatedmicrogliaand
apoptosisinpaperIandpaperII,andthereactivityofthesecellsdousuallyconcur(Zhanget
al. 2010). In another study, Chan et al. (2008) demonstratedmanganeseͲenhancement in
striatum after unilateralmiddle cerebral artery occlusion, and concluded thatmanganeseͲ
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enhancementwasrelatedtoincreasedGS,MnSODandreactiveastrocytesexpressingGFAPin
the lesion site 10 days after the ischemia.However, based on the images provided in the
article,manganeseͲenhancementseemedfarbettercoͲlocalizedwithMnSODexpressionthan
GFAP expression,whichwas predominantly localized in the periphery of the striatum and
manganeseͲenhanced area. A similar pattern of increased GFAP expression in reactive
astrocyteswasalsoseen inanotherstudyusingmiddlecerebralarteryocclusion intheadult
rat(Kawaietal.2010),andwascorrelatedtothemanganeseͲenhancementseen10daysafter
ischemia. In this study, immunohistochemical staining for activated microglia (IbaͲ1) and
apoptosis(TUNEL)wereperformedandthesecellswerefoundmostlyinthecoreofthelesion,
where manganeseͲenhancement was less prominent. Although there was some overlap
between thereactiveastrocytesandactivatedmicroglialcells,Kawaietal. (2010)concluded
thatmanganeseͲenhancementwas related to astrogliosis andnot to apoptosisor activated
microglia/macrophages.Theyfurtherspeculatedthatincreasedmanganeseinastrocyteswas
related to increasedGSexpressionand/or increasedMn2+ influxdue to increasedglutamate
excitotoxicity, but that it also could be a result of increased density of MnͲcontaining
astrocytes.
The conclusions to what lies behind the manganeseͲenhancement also differ in other
manganeseͲenhanced MRI studies in other cerebral injury models. In a rat model of
epileptogenesis induced by the neurotoxin kainic acid, one study concluded that increased
manganeseͲenhancement inhippocampuswasrelatedtomossyfibresprouting(Immonenet
al.2008). In a ratmodelof cathepsinDͲdeficiency, characterizedbyneuronaldegeneration
and gliosis, Haapanen et al. (2007) found a very good agreement between manganeseͲ
enhancement and areas of microglial activation, supporting the conclusion in paper I.
However,also inthatstudytherewassomeoverlapbetweenareaswithreactiveastrogliosis
andactivatedmicroglia.
ItthereforeseemsthatmorestudiestorevealtheexactmechanismsbehindthemanganeseͲ
uptake arewarranted.However, in practicemanganeseͲenhancement seems to be a good
proxy for secondary inflammatory reactions after (hypoxicͲ)ischemic brain injury, and that
MEMRIcanbeausefultooltoindirectlyimagetheassociatedastrogliosisandmicrogliosis.
6.4 BraininjurydevelopmentafterHI
Oneofthemainfindingsinallstudiesofthisthesisistheprogressivenatureoftheinjuryafter
hypoxiaͲischemia.PreviousstudieshaveshownhowMRIchangeover thecourseof the first
daysafter injury,but fewhaveexamined the lesionvolumesandvolumesofcerebral tissue
over an extended period of time after the hypoxicͲischemic insult. In papers II and IVwe
showedhowthereisareductionintherelativevolumeofcerebraltissuefromdayseventosix
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weeksafterHI indicatingatrophyofthe ipsilateralcerebralhemisphereand increasingcystic
volume,asdemonstrated inpaper IV.These findingsare inaccordancewithaMRIstudyby
Stone et al (Stone et al. 2008) who showed progressive cyst formation and reduced
hippocampalvolumesup to21daysafterHI.Furthermore, inanotherstudyusingbothMRI
andhistologicalmethods,progressivebraindamagehasalsobeenshownupto54weeksafter
HI(Mishimaetal.2005).However,inpaperIII,whenthemagnitudeoftheinsultwasreduced,
nosignificantchange inrelativevolumeofthe ipsilateralcerebraltissuewasfoundfromday
seven tosixweeksafterHI.Thismay indicate that theprogressivenessof thebraindamage
following HI can be related to the severity of the insult. However, such a conclusion is in
contradictionwithastudybyGeddesetal(Geddesetal.2001)whereinjurywasevaluatedby
histological examinationsondifferent timepoints followinghypoxiaͲischemia. They showed
howcerebralatrophyofthe ipsilateralhemisphereevolvedupto8weeksafterHI inanimals
withashorthypoxicexposure,whereasanimalswithalonghypoxicexposurehadmoresevere
infarctions at the early timepointswithno significant evolutionof the injury. Their results
were based on histological grading and measurements of hemispheric diameter on two
coronaltissuesections,whichisprobablylessaccuratethanvolumetricmeasurementson3D
MRI. The repeatedmeasurementswithMRI inour studies also strengthen the accuracy in
evaluating injurydevelopment.Furthermore,ourresultsaresupportedbyastudybyvande
Looijetal(vandeLooijetal.2011).Theyfoundhighercortical lossonday22thanonday8
afterHI among pupswith severe lesions on dayone,whereas cortical losswas unchanged
betweenday8and22afterHIamongpupswithmild lesionsondayone.However, in this
study thedifference in lesionwasexplainedby gender,withmalepupshaving significantly
moreseverelesionsthanfemales.Inourstudies,wedidnotseesuchgendereffects.
InpaperIIIandIVwealsoshowedhowthedevelopmentalmaturationofwhitematterinthe
sixweeks followinghypoxiaͲischemiaalsowas influencedby thehypoxicͲischemic insults. In
bothstudies,thematurational increase infractionalanisotropywas less inthemostseverely
injuredanimals(nonͲtreatedinpaperIIIandhyperoxiaexposedinpaperIV)comparedtothat
of animals with less initial injury. These results can be viewed as a continuous effect of
intervention over the course of injury development, butmay also be related to different
trajectoriesasaconsequenceofearlyinterventionaleffectsdeterminingtheinitialseverityof
the insult.Thissupportsanotionthatdevelopmentofbrain injuryfollowingHI isaffectedby
the severity of the insult, with more severe insults giving more progressive injury
development.
Importantly, it seems possible to accurately estimate the trajectory of injury development
basedonearlymeasuresonMRI.InbothpaperIIIandIVwedemonstratedthatlesionvolumes
sixweeksafterHIinsultwerehighlycorrelatedwithlesionvolumesonADCͲmapsandreduced
TheroleofmicrogliosisandastrogliosisindelayedHIinjury

69 

ADCͲvaluesmeasured in thalamusdayoneafterHI.Thesamehasalsobeenshown inother
animalstudies(Wangetal.2007;vandeLooijetal.2011).However, inclinicalpracticeearly
conventionalMRI or diffusionMRI has so far not been successful in predicting longͲterm
outcome after hypoxicͲischemic injury. Thismay be related to the rapidly changing tissue
contrastduring the firsthoursanddaysafter the insult,asdemonstrated inpaper Iandby
others(Rumpeletal.1995;Albensietal.1998;Tuoretal.1998;Maliszaetal.1999;Tuoretal.
1999;Qiaoetal.2004;Meng etal.2005;Meng etal.2006).The changing tissue contrasts
make the determination of lesion size highly dependent on the timing of theMRI. Since
accuratelydetermining the timingof the insult inclinicalpracticecanbedifficult,asclinical
signsandsymptomsoftenaresparseinthefirsthoursanddays,especiallyintheprematurely
bornchildren, lesionsizedeterminationwilloftenbe inaccurate inaclinicalsetting.Thiscan
explainsomeofthisdiscrepancybetweenanimalandhumanstudies.
6.5 TheroleofmicrogliosisandastrogliosisindelayedHIinjury
Itisincreasinglyacknowledgedthatinflammationplaysanimportantroleintheinjuryprocess
followinghypoxicͲischemicinsults(Dirnagletal.1999;KhwajaandVolpe2008).Studiesusing
histological methods have shown that activated microglia and reactive astrogliosis are
prominent tissue reactions accompanying neuronal death during the firstweek following a
hypoxicͲischemicinsult(Mcraeetal.1995;Towfighietal.1995;Bonaetal.1999;Chewetal.
2006), and astroglial and microglial reactivity has also been shown for weeks thereafter
suggestingachronicinflammatorycomponentinthedelayedinjury(Linetal.1998;Bonaetal.
1999).However, the longitudinal involvementof inflammation in this injuryprocesshasnot
been studiedbefore.Asdiscussedabove,manganeseͲenhancedMRI seems tobeamethod
enablingsuch longitudinalstudiesof inflammation in thedelayed injuryprocess.The results
from paper I and II clearly show that areaswith astrogliosis andmicrogliosis dissolves and
liquefy, suggesting that such inflammatory reactions is amajor contributing factor to the
delayed and sustained celldeath seen afterHI.Thishypothesis is further supportedby the
resultsofpaper III,whereacorrelationbetween thevolumeofmanganeseͲenhanced tissue
and increase incysticvolumewasshown.Furthermore, inpaper IIIweshowed thatanimals
treatedwith doxycycline,which is known to inhibitmicroglial activation, had reduced cyst
formationandreducedlossofcerebraltissuecomparedtountreatedanimals.Wealsofound
thattherewasaninteractionbetweendoxycyclinetreatmentandtimeafterHI,indicatingthat
theinhibitionofinflammationinfluencedthetrajectoryofinjurydevelopment.
It has been unclear whether the inflammatory reactions after HI is causal or if it is a
modulatoryresponse(Ferriero2004).Inflammatorycytokinessecretedbyneurons,astrocytes
andmicrogliaasa response to tissuehypoxiaand ischemia inducemicroglialactivationwith
subsequent release ofmore inflammatory cytokines andmediators like prostaglandins and
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free radicals This result in a perpetuating  cycle of cell death and further inflammatory
response(Vexleretal.2006;KhwajaandVolpe2008).Ontheotherhand,activatedmicroglia
can act asphagocytes and cleardead cells and celldebris, and astrogliosis thatborder the
lesionsiteisalsothoughttolimitthespreadofinflammation(Barron1995;Zhangetal.2010).
FromourstudiesitseemsthatbothacausalandmodulatoryeffectofgliosismaycoͲexist.The
liquefaction ofmanganeseͲenhanced tissue speaks to themodulatoryphagocytic actions of
microglia,while the reduced injury seen aftermicroglial inhibitionwith doxycycline clearly
suggest that inflammation is a causal factor and that early inhibition of inflammation after
hypoxiaͲischemia isneuroprotective.Thecloseoverlapbetweenastrogliosisandmicrogliosis
seen inourstudiescanbetakenas in indicationoftheclose interactionbetweenthesetwo
celltypes,alsoshownbyothers(McRaeetal.1996;Zhangetal.2010).Asastrogliosisisknown
toinhibitneuronalplasticityandgrowthafterneuronaldamage(Privat2003),treatmentsthat
reducedinflammationandastrogliosismaycontributetomoreneurogenesisandneuronalreͲ
modellingafterHIinjury.
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Chapter7 Conclusionsandfutureperspectives
ManganeseͲenhancedMRIhasbeenshowntobefeasibleinaneonatalratmodelofhypoxicͲ
ischemic injury. It improves the tissuecontrast inT1Ͳweighted images, therebyallowinghigh
resolution images tobeacquired ina short time. InadditionmanganeseͲenhancedMRIhas
beenshowntobeausefultooltofollowtheinjuryprocessanddetectthedelayedgliosiswith
concurringcelldeaththatfollowsthehypoxicͲischemicinjury.However,thecellularspecificity
of manganeseͲenhancement remains unclear, as do the questions of whether uptake of
manganese is dependent on Ca2+Ͳchannels, other anionͲchannels or metalͲtransporters.
Future research into these questions and optimization ofMRI sequences and image postͲ
processing to detect tissuemanganese can further improve the usefulness of themethod.
ClinicaluseofmanganeseͲenhancedMRI is still limitedby safety issues concerning toxicity,
andwillfornowremainananimalresearchtool.However,clinicalmanganeseͲenhancedMRI
ofthebrainmaybepossiblewiththeuseofoptimaldosesorslowͲreleasemanganese from
chelates,giventhatthesafetyofsuchapplicationscanbeestablished.
HypoxicͲischemic injury to the neonatal brain is a prolonged injury process that lasts for
severalweeksaftertheinsultinneonatalrats.Thismaytranslateintoseveralyearsinhumans,
sothere isclearlyaneed for longterm followͲup inchildrenexposedtohypoxiaͲischemia in
theperinatalperiod. Inflammation and gliosis seems tobeoneof the key elementsof this
delayedinjuryprocess.However,whetherthisisactuallyaddstothefinalinjury,orifitcanbe
considered part of a necessary reͲmodelling of brain tissue remains uncertain. Targeted
contrastagentsmayinthefutureprovidemeansofspecificdetectionofcellsandpathological
processes invivo.Thismaygivemorespecificknowledgeofthe involvementof inflammation
inbraindevelopmentafterhypoxiaͲischemiainanimalsandhumanchildren.
Thestudiesofthisthesishaveshownthatmaturationalchangesand injuriestowhitematter
microstructure in the neonatal rat brain can be followed using diffusion tensor imaging.
Furthermore,hypoxiaͲischemia seems toaffect the trajectoryofwhitematterdevelopment
withresultsonDTIindicatingreducedordelayedmyelination.FutureimprovementstotheDTI
acquisition,suchasbetterfieldhomogeneity,morepowerfulgradientsystems,useofparallel
imaging techniquesand improved image reconstructionandpostͲprocessingalgorithms, can
provide better resolution and quality of theDTI data. Such improvementsmay give better
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detectionof subtlealterations inwhitematter integrityand cangivenewknowledgeabout
how hypoxiaͲischemia affects brain connectivity and neuronal networks in future studies.
ChangesingreymattermicrostructuremayalsobevisualizedusingDTI.Insomeoftheanimals
inpaper III, changes in fractional anisotropy anddirectionalityof the axialdiffusivity in the
injuredcortexwerenoted(datanotshowninthepaper).Furtherstudiesintosuchapplications
ofDTImaycarryinterestingprospects.
EarlyMRIbiomarkersforreliablydetectinglesionsanddeterminingoutcomearestillneeded.
Estimated lesion volume and the apparent diffusion coefficient value in tissue on diffusion
maps24hoursafter thehypoxicͲischemic insult,haveboth shown tobegoodpredictorsof
long term lesion volume.However, the apparentdiffusion coefficient canbe an ambiguous
measure.Asdemonstrated inpaper IIIand IV, increaseddiffusion incertainbrainareaswas
associatedwithmild injury,while themagnitudeof the reductionofdiffusion inotherbrain
areascorrelatedwiththeseverityoftheinjuryatlatertimeͲpoints.Furtherresearchisneeded
toestablishthecellulareventsunderlyingthesechangesintissuediffusion.
Exposure to 100% oxygen after a hypoxicͲischemic insult increase brain injury and is
detrimental to brain development. Supplemental oxygen during resuscitation and in the
neonatalperiodshouldthereforebeavoidedwhenpossible.Whetherthefluctuatingoxygen
levels,which theunstableneonatesoftenexperiences,alsocauseorexacerbatebrain injury
afterbirth,isaninterestingtopicforfutureresearch.
Inhibitionofbrain inflammationby a singledoseofdoxycycline reduces longͲterm cerebral
tissue lossandwhitematter injuryafterneonatalhypoxiaͲischemia.Moreresearch isneeded
toestablishtheoptimaldoseandifrepeatedtreatmentcanprovidefurtherneuroprotection.
However, doxycycline has potential as a treatment for hypoxicͲischemic brain injury in the
neonate,eitheralone,or incombinationwithfor instancehypothermia.Othertherapiesthat
target the negative effects of brain inflammation and gliosis after hypoxicͲischemic injury
shouldalsobesought.Suchtherapiesmay involvetreatmentwithfor instancemesenchymal
stem cells,which can provide a trophic environment that limit the inflammatory response,
gliotic scar formation, in addition to stimulating neuronal growth and vascular formation.
Labellingof such cellswithmagneticparticles canprovidemeans tomonitor themigration,
viabilityandincorporationofthesecellsincerebraltissueinvivousingMRI.

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Hypoxic–ischemic injury (HI) to the neonatal brain results in delayed neuronal death with accompanying
inﬂammation for days after the initial insult. The aim of this study was to depict delayed neuronal death after
HI using Manganese-enhanced MRI (MEMRI) and to evaluate the speciﬁcity of MEMRI in detection of cells
related to injury by comparison with histology and immunohistochemistry. 7-day-old Wistar rat pups were
subjected to HI (occlusion of right carotid artery and 8% O2 for 75 min). 16 HI (HI+Mn) and 6 sham operated
(Sham+Mn) pups were injected with MnCl2 (100 mM, 40 mg/kg) and 10 HI-pups (HI+Vehicle) received NaCl
i.p. 6 h after HI. 3D T1-weighted images (FLASH) and 2D T2-maps (MSME) were acquired at 7 T 1, 3 and 7 days
after HI. Pups were sacriﬁced after MR-scanning and brain slices were cut and stained for CD68, GFAP, MAP-2,
Caspase-3 and Fluorojade B. No increased manganese-enhancement (ME) was detectable in the injured
hemisphere on day 1 or 3 when immunohistochemistry showed massive ongoing neuronal death. 7 days
after HI, increased ME was seen on T1-w images in parts of the injured cortex, hippocampus and thalamus
among HI+Mn pups, but not among HI+Vehicle or Sham+Mn pups. Comparison with immunohistochem-
istry showed delayed neuronal death and inﬂammation in these areas with late ME. Areas with increased ME
corresponded best with areas with high concentrations of activated microglia. Thus, late manganese-
enhancement seems to be related to accumulation of manganese in activated microglia in areas of neuronal
death rather than depicting neuronal death per se.
© 2008 Elsevier Inc. All rights reserved.
Introduction
Hypoxic–ischemic brain injury in the perinatal period results in
high mortality and morbidity among infants and children (Ferriero,
2004; Vannucci and Perlman, 1997; Vannucci and Hagberg, 2004). In
contrast to adult stroke, hypoxia–ischemia in the neonatal brain
results in a prolonged evolution of injury with neurons dying days and
weeks after the primary insult. This has presented a possible window
of opportunity for therapeutic intervention (Nakajima et al., 2000;
Geddes et al., 2001; Vannucci and Hagberg, 2004; Northington et al.,
2005), but in order to develop effective treatment strategies the
complexity of the underlying injury mechanisms and evolution of
injury has to be further investigated. One of the injury mechanisms
that we are just beginning to elucidate the consequences and
signiﬁcance of is the inﬂammatory response after hypoxia–ischemia
in the neonatal brain. Inﬂammatory cytokines have been shown to
potentiate excitotoxic injury, and microglia, the resident macrophage
of CNS, has been shown to be activated both acutely and delayed in the
brain after hypoxia–ischemia. Although microglia by many means are
considered a renovation cell through its phagocytosis of dead cells and
debris, it is increasingly viewed as a possible cause of cell death
through its release of glutamate, free radicals and nitric oxide (McRae
et al., 1995; McLean and Ferriero, 2004; Ferriero, 2004).
The advances during the past decade in revealing the pathogenesis
of neonatal hypoxic–ischemic brain injury are in part due to new
neuroimaging techniques and a focus on mapping the cellular and
molecular mechanisms of injury through animal models (Ferriero,
2004; Vannucci and Vannucci, 2005). Combining the strengths of MRI
with neonatal animal models give the opportunity of longitudinal
studies of brain injury in vivo where mechanisms of the evolution of
injury can be investigated on a structural and cellular level. One novel
versatile MRI technique is manganese-enhanced MRI (MEMRI).
Manganese (Mn2+) gives positive contrast on T1-weighted images
due to its paramagnetic properties that primarily shortens T1 in solid
NeuroImage 45 (2009) 880–890
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tissue (Koretsky and Silva, 2004; Silva et al., 2004). The divalent
manganese ion (Mn2+) functions as an analogue for Ca2+ in biological
systems and is known to enter neurons and glial cells through voltage-
gated Ca2+-channels. During normal homeostasis systemic adminis-
tration of Mn2+ gives signal enhancement on T1-weighted images of
brain areas with high neuronal activity (Watanabe et al., 2002;
Wadghiri et al., 2004; Kuo et al., 2005). Under pathological conditions
the properties of Mn2+ give MEMRI other potentials for use. Calcium
plays an important role in neuronal death during brain ischemia
either through rapid Ca2+-inﬂux as a result of depolarisation caused by
energy failure or excitatory glutamate release or as a result of slow
continued accumulation of intracellular Ca2+ associated with neuronal
apoptosis (Ankarcrona et al., 1995; Kristián and Siesjö, 1998; Won et
al., 2002; Aoki et al., 2003; Koretsky and Silva, 2004). Substituting Ca2+
with Mn2+ may lead to intracellular accumulation of Mn2+ in neurons
undergoing cell death. Aoki et al. has demonstrated this during early
neuronal death in the adult rat stroke model (Aoki et al., 2003, 2004).
However, using the same principles we hypothesised that MEMRImay
be utilised for imaging delayed neuronal death which would be
particularly valuable for better understanding neonatal hypoxic–
ischemic brain injury.
The main aim of the present study was to depict delayed neuronal
death by MEMRI up to several days after the initial hypoxic–ischemic
insult in the neonatal rat brain. In addition, we aimed to evaluate the
speciﬁcity of MEMRI in detection of cells related to injury by
comparison with histology and immunohistochemistry.
Materials and methods
Animals
Wistar rats (Scanbur, Norway AS) were bred in the animal facilities
at the St. Olav University Hospital in Trondheim. Time-mated rats
(n=5) and their offspring (n=35) were kept on a 12:12 h light:dark
cycle. They had water and food ad libitum. Animal experiments where
conducted in accordance with Guidelines set by the Norwegian Ethics
Committee for Animal Research and the experiments were approved
by the responsible governmental authority.
Hypoxia-ischemia (HI)
The Vannucci–Rice model for hypoxic–ischemic brain damage was
used (Rice et al., 1981; Vannucci and Vannucci, 2005): P7 rats (mean
weight: 15.1±1.6 g) were anaesthetized with isoﬂurane (Baxter
Medication Delivery, Oslo, Norway) (4% induction, 2% maintenance)
in O2. Through a mid-neck incision, the right common carotid artery
was identiﬁed, thermo-cauterized and severed. Wounds were closed
and sprayedwith Xylocaine (2%). Duration of operating procedurewas
5–10min. The pupswere then placed backwith their dam for recovery
and feeding for minimum 2 and maximum 4 h. Thereafter, pups were
put in a ﬁbreglass box inside an incubator. The temperature inside the
box was kept at 36±0.5 °C throughout the procedure. The box was
ﬂushedwith pre-heated humiﬁed air with 8% O2 (in 92% N2) (15 l/min)
for approximately 3min until the oxygen concentration in the boxwas
8%. Thereafter air ﬂowwas kept at 5 l/min and O2 was measured to 8%
throughout the procedure using an OxyQuant S® (EnviteC GmbH,
Wismar, Germany). After 75 min of hypoxia, the box was ﬂushed with
room air and the pups were allowed to recover for 5 min before being
placed back with their dam. This procedure resulted in a unilateral
hypoxic–ischemic insult (HI) to the right cerebral hemisphere. In
every litter pups were sham-operated; carotid artery was identiﬁed
under anaesthesia, but not damaged. Sham-operated animals were
not subjected to hypoxia.
Study groups and manganese administration
Six hours after the hypoxia one group of HI pups (HI+Mn) (n=16)
and the sham operated pups (Sham+Mn) (n=6) were given a single
dose of MnCl2 (# 7773-01-5, Sigma-Aldrich Inc., St. Louis, USA)
intraperitoneally. A dose of 40 mg MnCl2 per kg bodyweight
(∼318 μmol Mn2+/kg) at a concentration of 100 mM was mixed with
0.9% NaCl to make an isotonic injection volume of 0.1 ml. Another
group of pups (HI+Vehicle) (n=10) did not receive MnCl2, but were
instead injected with 0.1 ml of 0.9% NaCl to serve as controls (Fig. 1).
To evaluatewhether therewas active cellular uptake of manganese
7 days after hypoxia–ischemia (HI), one group of pups HI+Mn6 (n=3)
followed the described protocol for hypoxia–ischemia on day 0, but
received no injections until day 6 after HI. They were then injected
with 40 mg MnCl2 per kg at 100 mM mixed with 0.9% NaCl (total
volume 0.1 ml).
Magnetic resonance imaging
MRI was performed on days 1, 3 and 7 after HI (day 0) using a 7 T
magnet (Biospec 70/20 AS, Bruker Biospin MRI, Ettlingen, Germany)
with water-cooled (BGA-12, 400 mT/m) gradients. A 72 mm volume
resonator was used for RF transmission and an actively decoupled
mouse head surface coil was used for RF reception. Pups injected with
MnCl2 on day 6 (HI+Mn6) were also imaged on days 8, 10 and 14 after
HI. All animals were imaged longitudinally at all time-points until they
were sacriﬁced for histology. During scanning the anaesthetized (2%
isoﬂurane in 30% O2, 70% N2) pups lay prone in a dedicated water
heated mouse bed (Bruker Biospin MRI) and the head of every animal
was ﬁxed in the same position with inbuilt earplugs, tooth bar and
nose-mask. This assured the same placement of the head of the
animals within the magnet from scan to scan.
After a gradient echo FLASH pilot scan (acquisition time 1 min),
a 3D data set was obtained using a T1-weighted gradient echo
FLASH sequence with ﬂip-angle=30°, TR=12 ms, TE=3.0 ms.
FOV=20×20×17.5 mm and acquisition matrix was 128×96×84
Fig. 1. Overview of the study design with study groups (HI+Mn, HI+Vehicle, Sham+Mn and HI+Mn6). Timing of hypoxia–ischemia (HI) and injection with MnCl2 or Vehicle (NaCl2),
and timing of MR imaging (MR) and sacriﬁcing for histological examinations (Histo).
881M. Widerøe et al. / NeuroImage 45 (2009) 880–890
giving an acquired resolution of 156 μm×208 μm×208 μm. With
zero-ﬁlling of the matrix to 128×128×112, the interpolated
resolution was 156 μm isotropic. Acquisition time was 25 min
with 16 averages. 2D T2-maps were obtained with a spin-echo
sequence (MSME) with TR=2500 ms, TE=7.6 ms, 40 echoes, slice
thickness 1 mm. FOV=18×18 mm and acquisition matrix 128×96
giving an in plane resolution of 140 μm×187 μm. With zero-ﬁlling
of the matrix to 128×128 the interpolated resolution was 140 μm
isotropic. Acquisition time was 16 min with 4 averages. The
receiver gain was held constant for all scans and the signal scaling
during reconstruction of the images was corrected for before
quantitative analysis of the data.
The B1-ﬁeld of the volume-coil was considered homogeneous
within the ﬁeld of view, while the spatially inhomogeneous
sensitivity of the surface-coil used in the 3D T1-weighted FLASH
acquisition was corrected for using two additional scans in coupled
and single coil operation: 3D T1-weighted FLASH sequences: Flip-
angle=30°, TR=12 ms, TE=3.0 ms, matrix size 32×32×32, acquisi-
tion-time was 2 min for each scan. FOVs were the same as those
used to obtain 3D data set. The correction-procedure was performed
in Matlab (MATLAB ver 2007a, MathWorks Inc.). The MRI signal
intensity in a voxel at location (x,y,z) was normalized using the
following relation:
ISC x; y; zð Þ = ICC x; y; zð Þ CSC x; y; zð ÞCCC x; y; zð Þ ð1Þ
where CCC and CSC is the coupled-coil and single-coil intensities in the
correction scan datasets respectively, ICC is the recorded couple-coil
signal intensity in the main 3D data set, and ISC is the resulting
normalized signal intensity.
Histology and immunohistochemistry
Animals were sacriﬁced after MRI acquisition on day 1 (HI+Mn,
n=2), day 3 (HI+Mn, n=2) and day 7 (HI+Mn, n=8; HI+Vehicle,
n=6; HI+Sham, n=3) following HI. They received an overdose
pentobarbital (300 mg/kg) and were perfused intracardially with 4%
paraformaldehyde (PAH) in phosphate-buffered saline (PBS). Brains
were removed and embedded in parafﬁn. Coronal sections (8 μm)
corresponding to −3.25 mm from the bregma (Paxinos and Watson,
1998) were cut and stained with either hematoxylin–eosin (Klini-
path, Duiven, the Netherlands), anti-MAP2 (Sigma-Aldrich, Stein-
heim, Germany), anti-cleaved-caspase3 (Cell Signaling) or anti-ED1-
ﬁtc (Serotec, Raleigh, NC) and slices from HI+Mn pups on days 1 and
3 and 4 HI+Mn pups on day 7 were stained with anti-GFAP (Cymbus
Biotechnology, Southampton, UK). Sections were then incubated
with rat-anti-FITC-biotin (Roche, Basel, Switzerland), goat-anti-
rabbit-biotin (Vector Laboratories, Burlingame, CA) or horse-anti-
mouse-biotin (Vector Laboratories, Burlingame, CA). Visualization
was performed using a Vectastain ABC kit (Vector Laboratories). Full
section images were captured with a Nikon D1 digital camera
(Nikon, Tokyo, Japan). Sections were also stained with Flourojade B
(Chemicon International, Temecula, CA, USA) after incubation in
0.06% potassium-permanganate, embedded in DEPEX and visualized
using a ﬂuorescence-microscope in the FITC channel.
MR image analysis
In-house developed software was used for MR image analysis
(MATLAB ver. R2007a, MathWorks Inc., Natick MA, USA). From the 3D
T1-weighted data set a coronal 2D image-slice (slice thickness
0.156 mm) approximately corresponding to the histological slice was
extracted by tri-linear interpolation and used for image analysis. Using
a rat brain atlas (Paxinos and Watson, 1998) for reference, regions of
interest (ROI) were manually placed in the cortex, hippocampus,
External capsule and thalamus in both hemispheres and mean signal
intensity (SI) was calculated for each ROI.
To evaluate Manganese enhancement (ME), SI on T1-weighted
images in ROIs in the injured hemisphere (ipsilateral) was compared
to the contralateral (unaffected) hemisphere. To allow comparison
between animals and groups of animals, a measure of the relative
contrast (RC) was calculated for each structure (cortex, hippocampus,
external capsule and thalamus) in every animal using the 2D-image
slices acquired on days 1, 3 and 7. RC was calculated using the
following equation:
RC =
SIROIIpsilateral−SIROIContralateral
SIROIIpsilateral + SIROIContralateral
: ð2Þ
Comparison of histology and manganese enhancement
The histological slices with different staining were evaluated using
standard and ﬂuorescent microscopy. The extent and intensity of CD68
and GFAP staining and the number of stained cells in different areas of
the injured hemisphere were compared to the extent and intensity of
ME. The extent ofMAP-2 losswas compared to the extent ofME. For this
comparison2DT1-weighted imageswasviewedwith aRGB lookup table
where the threshold for the colour yellow was adjusted to right above
the highest level of signal intensity recorded in the contralateral
hemisphere for every animal. High signal areas in the injured hemi-
sphere, indicating increased ME, would hence appear yellow.
The following computer-based method for evaluating agreement
between increased ME on T1-weighted images and histological
staining was developed: manganese-enhancement in the injured
hemisphere was deﬁned by signal intensities above a threshold set by
mean SI of a ROI placed in the thalamus of the contralateral
hemisphere +1 SD of the image noise. A binary mask was created
for the area of ME in the injured hemisphere. Images of whole
histological slices stained for MAP-2, CD68 and GFAP were segmented
in the RGB vector space using the Mahalanobis distance from an
average colour calculated from a ROI manually placed in an area with
uniform staining (Gonzalez et al., 2004). The segmented colours were
deﬁned to be in a distance equal or less than 1 SD from the average
colour, where the SD was selected from the RGB component with the
largest variance within the ROI. From this a binary mask for the area of
staining was created. The T1 weighted MR images and the histology
images were then co-registered using landmark based image
registration. After manually selecting approximately 15 pairs of
anatomical points of reference in the two images, the transformation
was calculated using a piecewise linear model. The transformation
was applied to the segmented histology image which made us able to
compare the manganese-enhanced areas and segmented histology
staining on a pixel-to-pixel basis. The ﬁt of the transformation was
evaluated visually. The overlap between the area of histological
staining (AreaHistology) and the segmented manganese-enhanced area
(AreaME) was evaluated using three different parameters, where the
intersection of the areas of ME and histological staining was divided
by either the union of the two areas, area of histological staining or the
area of segmented ME:
Match =
AreaME \ AreaHistology
AreaME [ AreaHistology
ð3Þ
Sensitivity =
AreaME \ AreaHistology
AreaHistology
ð4Þ
Prediction =
AreaME \ AreaHistology
AreaME
: ð5Þ
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Statistics
SPSS version 14.0 (SPSS Inc., Chicago, IL, USA) was used for all
statistical analysis and the level of signiﬁcance was set to 0.05.
Signal intensity data and relative contrast data are presented in
ﬁgures as mean with error-bars representing±2 SEM. Mann–
Whitney U-test was used to compare the mean signal intensities
in ROIs and the mean relative contrast (RC) in different structures
between groups. T2-values are presented as mean±1 SD. Paired t-
tests were used to analyze differences in T2-values of the ROIs
between the two hemispheres. Results from the pixel-wise
comparison of T1-weighted images with histology and T2-maps are
presented as mean±SEM.
Results
MR signal enhancement with manganese
T1-weighted MR images of HI pups injected with MnCl2 (HI+Mn)
showed high signal intensities in large parts of the dorsolateral
thalamus and in several animals also in parts of the hippocampus and
remaining cortex on day 7 (Fig. 2). In a few HI+Mn pups some small
spots were also seen in the thalamus on day 3, but no high signal
intensities was seen in the injured hemisphere among HI+Mn pups
prior to day 3. High signal changes were not seen in HI+Vehicle pups
in the injured hemisphere on day 3 or day 7 (Fig. 2).
ROI analysis of the injured hemisphere showed higher signal
intensities in cortex, hippocampus and external capsule amongHI+Mn
than HI+Vehicle pups on day 1. On days 3 and 7 signal intensities of
ROIs in cortex, hippocampus and thalamuswere higher amongHI+Mn
than HI+Vehicle pups (Fig. 3). Also, on day 7 signal intensity of ROIs in
the injured hemisphere's cortex and thalamus of HI+Mn pups was
signiﬁcantly higher than among Sham+Mn pups (Fig. 3).
Signal intensities in ROI in the contralateral hemisphere of HI+Mn
pups were similar to Sham+Mn at all times in all areas (data not
shown).
Contrast enhancement on T1-weighted MR images caused by manganese
on day 7
In order to identify areas of high or low signal intensities in the
injured hemisphere relative to the contralateral hemisphere and
compare these between animals, a normalized relative contrast (RC)
was calculated (see Materials and methods). In the dorsolateral
thalamus of the HI+Mn pups there was a mean negative RC on day 1
that increased to a highly positive RC (SI injured hemisphereNSI
contralateral hemisphere) on day 7. In cortex and hippocampus the
same trend was seen with RC increasing from negative (injur-
edbcontralateral) on day 3 to around zero (injured=contralateral)
on day 7. However, among HI+Vehicle pups the opposite trend was
observed going from positive RC in all areas on day 1 to negative on
day 3 and becoming more negative from day 3 till 7 (Fig. 4). This lead
to a large difference between HI+Mn and HI+Vehicle pups with far
more positive RC in cortex, hippocampus and thalamus among HI+Mn
than HI+Vehicle pups on day 7 (Fig. 4).
Increased manganese-enhancement after injection on day 6
T1-weighted MR images of animals injected with MnCl2 on day 6
(HI+Mn6) were also obtained on days 7, 8, 10 and 14 after HI. On day 7,
increased signal intensities were seen primarily in the borders
surrounding the area of the dorsolateral thalamus of the injured
hemisphere (Fig. 5). The area corresponded to that seen on day 7 in
pups injectedwithMnCl2 6 h after HI. A ROI placed in this area showed
signiﬁcantly higher mean signal intensities on day 7 among HI+Mn6
pups than among HI+Vehicle pups. From day 7 till day 14 the contrast
in this area increased with more uniformly high signal intensity in the
centre of the area evolving during the week (Fig. 5). However, signal
intensity of this ROI among HI+Mn6 pups never became as high as the
equivalent ROI among HI+Mn pups on day 7 (i.e. one week after their
MnCl2 injection). Among HI+Mn6 pups RC was negative in thalamus
and hippocampus on day 7, but steadily increased in both areas and
became positive on day 14.
Fig. 2. T1-weighted images of evolution of brain injury from day 1 till day 7 after hypoxia–ischemia in different groups. On day 7 high signal intensity is observed in the dorsolateral
thalamus, and parts of the remaining cortex and hippocampus of the injured hemisphere of HI pups with injectedMnCl2 (arrows). These changes were not observed in HI+Vehicle or
Sham+Mn pups.
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T2-mapping
HI+Mn vs HI+Vehicles
At all scans times; the mean T2 values measured in cortex,
hippocampus and thalamus were signiﬁcantly lower in HI+Mn than
in HI+Vehicle pups. Among HI+Mn and HI+Vehicle pups mean T2
values were elevated in cortex, hippocampus and thalamus in the
injured hemisphere compared to the contralateral hemisphere on
day 1. In HI+Vehicle, T2 values in cortex and hippocampus of the
injured hemisphere remained elevated, however slightly reduced
from day 1 till day 3. T2 in the same areas among HI+Mn pups were
gradually reduced from day 1 till day 7 and was on the same level
as in the contralateral hemisphere. In the dorsolateral thalamus,
mean T2 values were gradually reduced from day 1 till day 7 in both
groups with the largest reduction among the HI+Mn pups. The
mean T2 value in dorsolateral thalamus of the injured hemisphere
on day 7 was 24.5 ms±8.3 among HI+Mn pups vs. 54.3 ms±4.5
among HI+Vehicles (p=0.001) (Fig. 6). In the contralateral thalamus
there were also a tendency to lower mean T2 values among HI+Mn
than HI+Vehicle pups (mean 48.6 ms±14.8 vs. mean 61.3 ms±6.9;
p=0.064). The differences in T2 values in thalamus between the
injured and the contralateral hemisphere on day 7 were signiﬁcant
for both groups.
HI+Mn vs Sham+Mn
Onday 1 therewere increasedmean T2 values in cortex, hippocampus
and thalamus of the injured hemisphere among HI+Mn pups compared
to Sham+Mn. On days 3 and 7, mean T2 values in these areas were
reduced, resulting in signiﬁcantly lower mean T2 values in dorsolateral
thalamus among HI+Mn pups than among Sham+Mn on day 7.
T2-mapping and manganese-enhancement
The area with reduced T2 in dorsolateral thalamus of the injured
hemisphere on day 7 in HI+Mn pups co-localized well with the
manganese-enhanced areas on T1-w images on visual analysis (Fig. 6).
Software-based pixel-wise comparison of the overlap between the
two segmented areas gave a mean match of 0.53±0.06, with a mean
probability of 0.69±0.08 for a manganese-enhanced pixel to have a
corresponding pixel with T2-reduction.
Fig. 3.Mean signal intensity (SI) in ROIs in cortex, thalamus, hippocampus and external capsule of the injured/ipsilateral hemisphere of Sham+Mn, HI+Vehicle and HI+Mn pups at
different scan times. The graph shows how the mean SI of ROIs in cortex, hippocampus and thalamus increased over time among HI+Mn pups, with the most noticeable increase in
thalamus, whereas among HI+Vehicle the SI steadily decreased in all areas. On day 1 SI among HI+Mn was on the same level as in Sham+Mn, but it was higher than among HI+
Vehicles (thalamus p=0.93), indicating presence of manganese in these areas. SI in cortex and thalamus were signiﬁcantly higher than both Sham+Mn and HI+Vehicle pups on day 7,
indicating a pathological presence of manganese. SI in the external capsule ROI showed the same trend among HI+Mn and HI+Vehicle with decreasing values from day 1 till day 7.
However, SI in this areawas still higher among HI+Mnpups than HI+Vehicle on day 1 and 7. ⁎pb0.05 HI+Mn vs. HI+Vehicle, †pb0.05 HI+Mn vs. Sham, ‡pb0.05 HI+Vehicle vs. Sham.
(Error bars±2 SEM).
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Histology and immunohistochemistry
Day 1
On day 1 there was neuronal loss (areas not stained for MAP-2) in
large parts of cortex, hippocampus and thalamus in the injured
hemisphere with accompanying high number of cleaved caspase 3
positive cells in cortex and hippocampus and some in thalamus.
Reactive astrocytes (staining positively for GFAP) and a few activated
microglial cells (CD68 positive cells) were seen in widespread areas of
the injured hemisphere.
Day 3
Histology on day 3 showed the same pattern of neuronal loss and
cleaved caspase 3 positive cells as on day 1. Reactive astrocytes with
intense GFAP staining were seen in all injured areas. Activated
microglia/macrophages were evenly spread out in cortex, hippocam-
pus and thalamus.
Day 7
Histological examination of brain sections showed no difference
in lesion size, morphology, or immunohistochemical staining
between HI +Mn and HI + Vehicle pups. The contralateral
Fig. 4. Mean Relative Contrast (RC) in ROIs in cortex, thalamus, hippocampus and external capsule of Sham+Mn, HI+Vehicle and HI+Mn at different scan times. There was a
highly positive relative contrast in thalamus among HI+Mn pups on day 7, meaning higher signal intensity in the injured- than the contralateral hemisphere. Notice the
difference in development of RC between HI+Mn pups and HI+Vehicle in cortex, hippocampus and thalamus over time, with decreasing levels of RC among HI+Vehicle,
whereas HI+Mn pups showed increasing RC from day 3 till 7. RC was signiﬁcantly more positive in these areas on day 7 among HI+Mn than HI+Vehicle. External capsule
showed the same development among both HI groups. ⁎pb0.05 HI+Mn vs. HI+Vehicle, †pb0.05 HI+Mn vs. Sham, ‡pb0.05 HI+Vehicle vs. Sham. (Error bars±2SEM).
Fig. 5. T1-weighted images 7, 8, 10 and 14 days after HI in rat pup injected with MnCl2
day 6 after HI. Increasing signal intensity from day 7 till day 14 can be seen in an area of
thalamus in the ipsilateral hemisphere (arrows).
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hemisphere in these groups and among Sham+Mn pups showed no
injury or abnormal pattern of staining. Immunohistochemical
examination of the injured hemisphere in HI pups on day 7 showed
widespread loss of tissue and cyst formation in the cortex and
external capsule of the injured hemisphere. In the remaining tissue,
neuronal loss was prominent and there were high numbers of
Flourojade B positive dying neurons in cortex, hippocampus and
dorsolateral thalamus in all HI animals (Fig. 7). Active caspase 3
positive cells were also present in all these areas, but in low
numbers. Activated microglia/macrophages with intense CD68
staining were numerous in all these areas with the highest
concentration in the dorsolateral thalamus. Numerous reactive
astrocytes with intense GFAP staining were seen in large parts of
the injured hemisphere with the highest concentration in hippo-
campus, cortex and dorsolateral thalamus.
Histology and manganese-enhancement on day 7
Areas with activated microglia (CD68 positive cells) had the best
agreement with the areas of increased ME on T1-weighted imaging.
In 7 out of 8 HI+Mn pups increased ME was seen in the same
areas that had high numbers of CD68 positive cells and vice versa.
Also, the areas with activated microglia/macrophages and the areas
of increased ME showed a similar morphological appearance,
especially in the dorsolateral thalamus (Fig. 7). Furthermore, in
two animals (HI+Mn) with very low density of activated microglia
in the thalamus, there was almost no detectable ME on MRI.
However, one animal had high density of CD68 positive cells, but
little ME.
Fig. 6. T1-weighted images and T2-maps 7 days after HI of pups with and without
injected MnCl2. An area with highly reduced T2 is seen in the dorsolateral thalamus of
HI+Mn pups, corresponding to the manganese-enhancement on T1-weighted image
(arrows). In HI+Vehicle a smaller reduction in T2 is observed in the same area, but with
no corresponding increased signal intensity on T1-weighted images (arrows).
Fig. 7. T1-weighted image (A) acquired day 7 after HI in pup injected with MnCl2. Corresponding histological slices stained with HE (B) MAP-2 (C), Caspase-3 (D), CD68 (E) and GFAP
(F) are shown. Arrows points to areas with increased manganese-enhancement in the T1-weighted image and corresponding areas on histology. Comparison shows areas with dead
neurons (not stained for MAP-2), activated microglia (CD68) and reactive astrocytes (GFAP) in areas with increased manganese-enhancement, but with best morphologic correlation
between manganese-enhancement and staining for activated microglia.
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Neuronal death (MAP-2 loss) and dying neurons (Fluorojade B
positive cells) as well as reactive astrocytes (GFAP positive cells) were
also found in the areas with increased ME on T1-weighted images
(Fig. 8). The morphological appearance of neuronal loss and the
distribution of dying neurons (Fluorojade B positive cells) corre-
sponded well with that of increased ME, but the degree of neuronal
loss and density of dying neurons did not always agree well with the
signal intensity of ME. The distribution of reactive astrocytes in the
injured hemisphere was far more extensive than the detectable
increased ME (Fig. 7). Also, the density of GFAP-staining in different
areas did not always correspond with the degree of ME.
Areas with GFAP-staining, CD68 staining and MAP-2 loss were
segmented and compared to areas of increased ME on a pixel-wise
basis. The uncertainty in co-registration of images, made the
comparison of ME and immunohistochemical staining in the small
areas of cortex and hippocampus unreliable. Results of the comparison
in the thalamus on day 7 are presented in Table 1 and suggest that the
best match was found between increasedME and CD68 positive areas,
in accordance with the results from the visual microscopic analysis.
Discussion
In the present study we have shown increased manganese-
enhancement (ME) on T1-weighted images in speciﬁc brain areas
seven days after hypoxic–ischemic injury in the neonatal rat. High
signal intensity on T1-weighted images as well as reduced T2-values
were seen in the dorsolateral thalamus and parts of hippocampus and
the remaining cortex of the injured hemisphere in pups that were
injected with MnCl2. Increased ME in these areas co-localized with
reactive astrocytes, dying neurons and activated microglia/macro-
phages on immunohistochemical analysis, with the best spatial
agreement with the activated microglia/macrophages.
Fig. 8. Immunohistochemical staining with MAP-2, Caspase-3, CD68, GFAP and Flourojade B in different areas of varying intensity on T1-weighted MR Image acquired day 7 after HI in
pup injected with MnCl2. Intensity of increased manganese-enhancement correlates well with staining for reactive astrocytes (GFAP) and activated microglia (CD68) and less with
dying neurons (Flourojade B) and marker for apoptosis (Caspase-3).
Table 1
Overlap between manganese-enhancement and immunohistochemical staining
n Match Sensitivity Prediction
CD68 4 0.34 (±0.16) 0.44 (±0.23) 0.53 (±0.24)
GFAP 4 0.25 (±0.10) 0.27 (±0.12) 0.87 (±0.11)
MAP-2 loss 6 0.28 (±0.08) 0.31 (±0.09) 0.74 (±0.09)
Shows the results of a computer based comparison of immunohistochemical stainings
and manganese-enhancement in the thalamus. Match gives the degree of overlap
between the areas of manganese-enhancement and histological staining. Sensitivity
gives the probability of manganese-enhancement of a pixel, given positive histological
staining. Prediction gives the probability of positive staining on histologywhen a pixel is
manganese-enhanced. The relative small area of CD68 positive staining made the
predictive value very sensitive to errors in geometric overlap betweenMRI and histology.
(Mean±S.E.M).
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Increased manganese-enhancement only detectable on day 7
In order to study pathological processes with MEMRI, the
pathological ME always has to be compared to the normal physiolo-
gical enhancement of the brain tissue architecture as shown by several
studies (Wadghiri et al., 2004; Kuo et al., 2005; Watanabe et al., 2002;
de Sousa et al., 2007). The strength of the current animal model is that
only one hemisphere is injured, while the other is considered
physiologically normal. In this study we have calculated a relative
contrast parameter (RC) as a semi quantitative measure of the relative
signal intensity and manganese enhancement in the two hemi-
spheres. This also compensates for any variations in SI between days
and animals. Considering the fact that RC was consistent with zero in
Sham+Mn pups at all time points, any deviation of RC from zero in the
injured animals was most likely due to different tissue characteristics
and/or differences in manganese uptake in the two hemispheres and
not to any acquisition artefacts or inhomogeneity of the B1.
In the thalamus of the injured hemisphere, a speciﬁc increase inME
was observed on day 7 in the HI+Mn group (positive RC signiﬁcantly
different from shams). In hippocampus and cortex of the injured
hemisphere, the positive and signiﬁcantly higher RC among HI+Mn
than among HI+Vehicle on day 7 indicates the presence of manganese
in these structures, but is difﬁcult to distinguish from the normal
uptake in the uninjured hemisphere, as RC was not signiﬁcantly
different from shams.
The differences in RC between HI+Mn and HI+Vehicle pups on day
1 are interesting. The positive RC among HI+Vehicle pups indicates
reduction of T1 in the injured structures, compared to the uninjured
hemisphere, which contradicts a study that showed increased T1 (Qiao
et al., 2004). The increase in T2 in the same areas is more in accordance
with the previous study, but the simultaneous high signal on T1-
weighted images is somewhat puzzling. Increased proton density in
the injured hemisphere may be one explanation. Another may be that
paramagnetic effects of degraded haemoglobin gives hyperintensity
on T1-weighting, while oedema of the tissue gives a predominantly T2
increase. However, the exact cause of this ﬁnding remains unclear.
Furthermore, assuming the same underlying tissue-changes in HI+Mn
pups, the consistently lower RC among HI+Mn pups than among
HI+Vehicle pups at day 1 can actually be interpreted as a lower
Mn2+ uptake in the injured hemisphere compared to the uninjured
hemisphere among HI+Mn pups at this time-point. Considering this,
the temporal trends of RC in cortex, hippocampus and thalamus
among HI+Mn pups suggest increasing Mn2+ concentrations from
day 1 till day 7, which is also in accordance with the trends in signal
intensity.
No increased manganese-enhancement at time of maximum neuronal
death
Immunohistochemical analysis 1 and 3 days after HI showed
widespread cell death and apoptosis in the affected hemisphere, in
accordance with results from previous studies that cell death peaks
24–72 h after hypoxia–ischemia (Nakajima et al., 2000; Northington et
al., 2001; Vannucci and Vannucci, 2005). The lack of increased ME at
time of maximum neuronal death is in contrast with the results by
Aoki et al, who found increased ME immediately after ischemia in the
adult rat (Aoki et al., 2003, 2004). However, differences in animal
model and MEMRI methodology make it difﬁcult to compare the
studies. Intra-arterial injection of MnCl2 with disruption of the BBB
with mannitol shortly after ischemia in the study by Aoki et al. (2003,
2004) may lead to a much higher availability of Mn2+ in the ischemic
areas and less unspeciﬁc uptake in normal tissue compared to a slow
diffusion of Mn2+ over the choroid plexus. The intentional distribution
of Mn2+ to the brain tissue via choroid plexus in our model was
conﬁrmed on MRI on day 1 by better contrast of brain tissue
architecture and generally higher signal on T1-weighted images
approximately 18 h after IP injection of MnCl2. This is in accordance
with previous studies (Wadghiri et al., 2004; Kuo et al., 2005;
Watanabe et al., 2002; de Sousa et al., 2007). Some leakage of Mn2+
across the immature neonatal blood brain barrier (BBB) could also be
expected, and this may have been further potentiated by the effect of
hypoxia–ischemia (Takeda, 2003). Although caution must be exer-
cised when comparing signal intensity between animals, even when
the physical conditions during scanning are the same, the higher
signal intensity on T1-weighted images in the injured hemisphere on
day 1 among HI+Mn pups than among HI+Vehicle pups indicates the
presence of someMn2+ in the injured brain tissue amongHI+Mnpups.
However, any speciﬁc Mn2+ uptake into dying neurons on day 1 or 3
seems to have been too small to give any signiﬁcant T1 contrast
compared to normal tissue. One limitation of this study was that we
were not able to quantify the concentration of Mn2+ in tissue. For
future studies, quantiﬁcation of T1 could increase the sensitivity and
give more clarity to the present concentration of Mn2+in tissue.
Increased manganese-enhancement seven days after hypoxia–ischemia
relates to inﬂammation
A process of delayed neuronal cell death in the dorsolateral
thalamus several days after the initial injury has previously been
reported by others (Northington et al., 2001, 2005; Vannucci and
Hagberg, 2004; Ohno et al., 1994). Consistent with this, histology on
day 7 in our study showed high degree of neuronal loss and high
concentrations of dying neurons with some apoptotic cells especially
in the dorsolateral thalamus, but also in areas of the remaining cortex
and hippocampus. The increased ME found in the same areas
suggested that increased ME visualized brain tissue with neuronal
death. However, the increased ME was far better co-localized with
areas with glial cell activation and inﬂammation than with apoptotic
and dying neurons. The best co-localization was with activated
microglia/macrophages, which were largely conﬁned to the areas
with ME, whereas the reactive astrocytes were found in a larger area
than the increased ME. This co-localization and probable relation
between activated microglia/macrophages and ME has also been
reported in a MEMRI-study of cathepsin D-deﬁcient mice (Haapanen
et al., 2007). Moreover, the agreement between activated microglia
and increased ME in our study was further supported by two animals
that showed low density of activated microglia and almost no ME in
the thalamus. However, one animal showed little ME with a high
density of activated microglia, but this may be explained by reduced
absorption or distribution of MnCl2, for instance if the IP injection
went into the gut or bladder or by differences in slice thickness and
resolution between histology and MR-image slices or partial volume
effects on MRI. Furthermore, the increase in ME from day 1 till day 7
was paralleled by the increase in activated microglia/macrophages,
especially in the dorsolateral thalamus. This suggests that the
appearance of increased ME in injured areas 7 days after HI and
MnCl2 injection could be explained by accumulation of Mn2+ in
microglia/macrophages rather than speciﬁc uptake into dying
neurons.
Increased manganese-enhancement may represent accumulation in
phagocytes
Reactive astrocytes, activated microglia and macrophages all have
the capability of phagocytosis in the aftermath of brain injury (Ito et
al., 2007). A hypothesis that could explain our histological and MRI
results is that during the ﬁrst days after the hypoxic–ischemic insult
these cells phagocytose dead cells and cell debris containing small
amounts of Mn2+ in the large areas of early injury, resulting in an
accumulation of Mn2+ in the phagocytes with time. When the
phagocytosing cells are no longer needed in the areas with early
injury that have been cleared of dead cells and debris, they may
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migrate to areas with delayed cell death — among these the
dorsolateral thalamus. Arrival of numerous manganese-laden phago-
cytes to the injury areas of the thalamus would give high concentra-
tions of Mn2+ and a localized T1-shortening effect on MRI and may
hence explain the late increased ME and the high concentrations of
activated microglia we observe on day 7.
Circulating macrophages that are also stained by anti-CD68
antibody have a peak inﬁltration of the injury site between 3 and
6 days after brain ischemia (Schilling et al., 2003; Tanaka et al., 2003;
Ohno et al., 1994). These cells may have taken up Mn2+ while in the
blood stream and contributed to the increased ME on day 7 that
coincides well with their late inﬁltration. Since MnCl2 is rapidly
cleared from the circulating blood volume after a systemic injection,
at least in the adult rat (Zheng et al., 2000), such an accumulation of
Mn2+ in circulating macrophages must most likely have occurred
during the ﬁrst day after injection. Based on the estimates from Zheng
et al. and assuming the approximately same kinetics for an IP injection
of 40 mg/kg, the calculated time to return to baseline level of Mn2+ in
our rat pups could be approximately 16 h. However, whether the
pharmacokinetics of MnCl2 after systemic injection is the same in the
neonatal as the adult rat is unknown, and this needs further
investigation.
Possible active uptake of Mn2+ one week after hypoxia–ischemia
Rapid clearance of Mn2+ from the blood makes any active uptake
directly from the blood into the brain one week after the injection
seem unlikely. However, to investigate whether the ME we observed
on day 7 after HI and MnCl2 injection could be due to active uptake at
the time, we injected MnCl2 IP in 3 animals on day 6 after HI (not
previously injected with MnCl2) and imaged them repeatedly during
the following week. Increased signal around the edge of the injury
area of the dorsolateral thalamus was seen on day 7, progressing
towards a more uniformly increased signal in the whole injury area
during the following days (Fig. 5). Since free Mn2+ or protein bound
Mn2+ diffuses very rapidly across liquids, it is unlikely that the
increasing ME from the edge to the centre of the area could be
explained by passive diffusion of Mn2+. These results therefore
indicate that there may be a small active uptake in the area around
day 7 and during the following week.
In a study by Fujioka et al., high signal was found on T1-w-imaging
in stroke areas after 1 week. They related this to increased induction of
manganese superoxide dismutase (Mn-SOD) and glutamine synthe-
tase (GS) in reactive astrocytes in the injured area (Fujioka et al., 2003).
Increased induction of Mn-SOD occurring one week after a focal
cortical lesion has been reported by another study (Bidmon et al.,
1998). In our study, reactive astrocytes were found in the areas of ME
alongside the activatedmicroglia and could therefore be involved in an
active Mn2+ uptake around one week after hypoxia–ischemia. Induc-
tion of GS and Mn-SOD in astrocytes and neurons seen after hypoxia–
ischemia in the brain (Gunter et al., 2006; Takeda, 2003; Lindenau et
al., 2000;Wedler and Denman,1984) can be further potentiated by the
release of free-oxygen radicals and glutamate from activatedmicroglia
in these areas and hence contribute to the late ME seen in this study.
However, the increased signal intensity and theME in animals on day 6
(HI+Mn6) never reached the level observed in animals injected 6 h
after HI (HI+Mn). This suggests that the ME seen on day 7 in HI+Mn
pups is mostly due to a steady accumulation of Mn2+ during the 7 days
after injection, probably by activated microglia/macrophages, rather
than an active uptake around day 7.
Reduction of T2 is not only related to manganese
In both HI+Mn and HI+Vehicle pups there were reduced T2-values
in the thalamus of the injured hemisphere compared to the
contralateral hemisphere. This reduction is contrary to previous
studies which have found normal or increased T2-levels in ischemic
areas (Meng et al., 2006; Wegener et al., 2006). However, the results
might be explained by the large injury that our pups suffered, as large
injuries may lead to hemorrhagic infarctions and small bleeding in the
tissue with subsequent iron deposits in phagocytes giving a T2-
reduction and T2⁎-effect (Weber et al., 2005). Furthermore, the T2
among HI+Mn pups was more reduced compared to the HI+Vehicle
pups. Some of this reduction could be explained by a T2-effect caused
by the high concentration of Mn2+ in the area (Silva et al., 2004). There
was a good co-localization of T2-reduction and increased signal
intensity on T1-weighted images in the dorsolateral thalamus on
visual examination (Fig. 6),where the pixel-wise comparison showeda
quantiﬁed match of 53%. The lack of a complete match on pixel-wise
analysis may in part be accounted for by differences in geometric
distortions of the T1- and T2-sequences, partial volume effects and
uncertainty in the geometric co-localization of images. The over-
lapping areas of ME and T2-reduction are however interesting and
although it is outside the scope of this study, a possible interpretation is
that it may represent an interaction between iron andMn2+-uptake by
astrocytes through up-regulation of divalent metal transporter (DMT-
1) as previously reported in another setting (Erikson and Aschner,
2006).
Future and clinical implications
This study has shown that manganese-enhanced MRI (MEMRI)
may be a useful tool in future studies to follow the cellular
development of brain injury and detecting inﬂammatory processes
related to delayed neuronal death over time in the newborn animal.
Furthermore, MEMRImay also be utilised to evaluate the effect of anti-
inﬂammatory treatments of hypoxic–ischemic injury in the neonatal
brain in vivo. The results of this study suggest that late ME may be
related speciﬁcally to inﬂammatory processes rather than cell death.
Whether increased ME can be seen in relation to inﬂammation in
other disease models without massive cell death remains to be
investigated. However, MEMRI may prove to be a valuable tool to
detect and follow brain inﬂammation in other disease models as well.
It should be stressed that comparison of the MRI to histological
examinations is mandatory to be able to interpret the speciﬁcity of ME
in a given animal model.
Clinical use of MEMRI is still limited by safety issues concerning
cardio- and neurotoxic effects of high dose manganese. Although our
study was not designed for addressing this issue, no adverse effects of
MnCl2 were observed among the pups. In the future, use of low dose
Mn2+ or Mn2+-chelates as contrast agent for MEMRI of brain in human
patients may become a reality when the safety of such applications
has been established. In vivo high-resolution images of inﬂammation
in human brains would be extremely valuable in investigating a
number of different diseases including stroke and neurodegenerative
diseases such as Alzheimer's.
Conclusions
During the ﬁrst days after hypoxia–ischemia, there was no
increased manganese-enhancement detected on MRI in areas of
massive neuronal death in the injured hemisphere. Therefore, the
method of MEMRI used in this study does not seem applicable for
depiction of neuronal death per se. However, late increased manga-
nese-enhancement was shown in brain areas with delayed neuronal
death and inﬂammation seven days after hypoxia–ischemia. The areas
with latemanganese-enhancement correspondedbestwith areaswith
high concentrations of activated microglia on immunohistochemistry.
The late manganese-enhancement may therefore be related to
accumulation of manganese in activated microglia. However, other
cell typesmay be involved and further studies are needed to reveal the
speciﬁc mechanisms causing the late manganese-enhancement.
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day 7 to day 42 after HI. Most manganese-enhanced areas in 
the hippocampus, thalamus and basal ganglia at day 7 were 
liquefied after 42 days. Manganese-enhancement on day 42 
corresponded to areas of activated microglia and reactive 
astrocytes in the remaining cortex, hippocampus and amyg-
dala. However, the main area of enhancement was in the 
 remaining thalamus in a calcified area surrounded by acti-
vated microglia and reactive astrocytes.  Conclusion: Man-
ganese-enhanced MRI can be a useful tool for in vivo identi-
fication of cerebral tissue undergoing delayed cell death
and liquefaction after HI. Manganese enhancement at a late 
stage seems to be related to the accumulation of manganese 
in calcifications and gliotic tissue. 
 Copyright © 2011 S. Karger AG, Basel 
 Introduction 
 Perinatal asphyxia causing hypoxic-ischemic brain in-
jury is a major cause of mortality and neurologic deficits 
among infants and children  [1–4] . Although many ques-
tions still remain unanswered, previous research in hu-
mans and animal models has given important insight 
 Key Words 
 Manganese-enhanced MRI   Neonatal brain   
Hypoxia-ischemia   Brain injury   Inflammation   Microglia 
 Abstract 
 Background: Hypoxia-ischemia (HI) in the neonatal brain
results in a prolonged injury process. Longitudinal studies 
using noninvasive methods can help elucidate the mecha-
nisms behind this process. We have recently demonstrated 
that manganese-enhanced magnetic resonance imaging 
(MRI) can depict areas with activated microglia and astro-
gliosis 7 days after hypoxic-ischemic brain injury.  Objective: 
The current study aimed to follow brain injury after HI in rats 
longitudinally and compare manganese enhancement of 
brain areas to the development of injury and presence of
reactive astrocytes and microglia.  Methods: The Vannucci 
model for hypoxic-ischemic injury in the neonatal rat was 
used. Pups were injected with either MnCl 2 or saline after
6 h and again on day 41 after HI. Longitudinal MRI (T 1 weight-
ed) was performed 1, 3, 7 and 42 days after HI. The brains 
were prepared for immunohistochemistry after the final 
MRI.  Results: There was severe loss of cerebral tissue from 
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into the pathophysiological mechanisms underlying the 
brain injury after a hypoxic-ischemic insult. Animal 
models have shown that hypoxia-ischemia (HI) in the 
neonatal brain primarily affects the cerebral cortex, sub-
cortical and periventricular white matter, striatum (basal 
ganglia), and hippocampus  [5, 6] . Moreover, an impor-
tant finding is that HI in the neonatal brain results in a 
prolonged evolution of injury with neurons dying days 
and weeks after the primary insult  [5–8] . However, how 
this delayed injury process is triggered and sustained re-
mains unclear, and needs further investigation.
 Magnetic resonance imaging (MRI) is a superior tool 
for investigating delayed injury, allowing high-resolution 
images and repeated examinations of the same subject. 
Manganese-enhanced MRI (MEMRI) is a technique, 
where the dual properties of manganese as an MR con-
trast agent and biological substance are utilized. Due to 
its paramagnetic properties, divalent manganese (Mn 2+ ) 
shortens the T 1 of biological tissue giving increased signal 
and positive contrast at short repetition times, allowing 
for faster acquisition and thereby high-resolution images 
 [9] . Mn 2+ is naturally found in glial cells as an important 
factor of manganese superoxide dismutase and gluta-
mine synthetase  [10, 11] . It can enter cells through volt-
age-gated Ca 2+ channels, and this property has been used 
in imaging of neuronal activity and acute necrosis  [12] . In 
addition to enhancing anatomical structures of the brain 
on T 1 -weighted images, manganese can be used as a con-
trast agent for detecting pathology  [13–15] . 
 In a previous study of an animal model of neonatal HI 
using MEMRI, we were unable to detect any manganese 
enhancement 1 or 3 days after the hypoxic-ischemic in-
sult and manganese injection. However, 7 days after HI 
manganese enhancement was observed in the remaining 
cortex, hippocampus and thalamus and found to corre-
late with activated microglia and reactive astrocytes on 
immunohistochemistry  [16] . The primary objective of 
the current study was to follow up on the results from our 
previous study and to examine the longitudinal evolution 
of brain injury up to 6 weeks following HI in the neonatal 
rat brain, focusing on further tissue loss, manganese-en-
hanced tissue and related cell responses beyond 7 days 
after HI.
 Animals and Methods 
 Animals 
 Wistar rats (Scanbur, Norway AS) were bred in the animal fa-
cilities at the St. Olav University Hospital in Trondheim, Nor-
way. Time-mated rats and their offspring (n = 16) were kept on a 
12: 12-hour light:dark cycle with water and food ad libitum. Ani-
mal experiments were conducted in accordance with Guidelines 
set by the Norwegian Ethics Committee for Animal Research, and 
the experiments were approved by the responsible governmental 
authority.
 Hypoxia-Ischemia  
 The Vannucci model for hypoxic-ischemic brain injury was 
used  [3, 17] . In short, the right common carotid artery of postna-
tal day 7 rats was identified, thermocauterized and severed under 
isoflurane anesthesia. After recovering from the operation, pups 
were put in a fiberglass box inside an incubator holding 36  8 
0.5   °   C. The box was flushed with preheated humidified air with 
8% O 2 (in 92% N 2 ) for 75 min. Pups were allowed to recover for 
5 min before being returned to their dam. This procedure result-
ed in a unilateral hypoxic-ischemic insult (HI) to the right cere-
bral hemisphere. One group of pups was sham operated; the ca-
rotid artery was identified, but not damaged. Sham-operated an-
imals were not subjected to hypoxia. 
 Study Groups and Manganese Administration 
 MnCl 2 (No. 7773-01-5, Sigma-Aldrich Inc., St. Louis, Mo., 
USA) was given as a dose of 40 mg/kg bodyweight (  318   mol 
Mn 2+ /kg) at a concentration of 100 m M by intraperitoneal injec-
tion to one group of HI pups (HI + Mn; n = 7) and the sham-op-
erated pups (sham + Mn; n = 3) 6 h after the hypoxia, and again 1 
day prior to MRI 42 days after hypoxia. Another group of pups 
(HI + vehicle; n = 6) did not receive MnCl 2 , but were instead in-
jected with 0.9% NaCl to serve as controls.
 Magnetic Resonance Imaging 
 MRI was performed on days 1, 3, 7 and 42 after HI (day 0), and 
all animals were imaged longitudinally at all time points using a 
7-tesla magnet (Biospec 70/20 AS, Bruker Biospin MRI, Ettlingen, 
Germany) with water-cooled gradients (BGA-12, 400 mT/m). A 
72-mm volume resonator was used for radiofrequency (RF) trans-
mission and an actively decoupled mouse head surface coil was 
used for RF reception (Bruker Biospin MRI). During scanning, 
the anaesthetized (2% isoflurane in 30/70 O 2 /N 2 ) pups lay prone 
in the dedicated water-heated mouse bed, and the head of every 
animal was fixed in the same position with inbuilt earplugs, tooth 
bar and nose mask. 
 After a gradient echo FLASH pilot scan (1 min), a T 1 -weighted 
3-D data set was obtained with a gradient echo FLASH sequence 
(FA = 30°, TR = 12 ms, TE = 3.0 ms). Field of view (FOV) was 20 
 ! 20  ! 17.5 mm3 and acquisition matrix 128  ! 96  ! 84, zero-
filled to 128  ! 128  ! 112. The interpolated resolution was 156 
  m isotropic. Acquisition time was 25 min with 16 averages. Due 
to the growth of the animals, MRI on day 42 was performed with 
a larger water-heated rat bed with a rat head surface coil for RF 
reception, and the geometry of the scan was altered: FOV = 30  ! 
35  ! 25 mm3, acquisition matrix 172  ! 150  ! 108, zero-filled to 
172  ! 200  ! 144 giving a interpolated resolution of 174  ! 175 
 ! 174   m 3 . Acquisition time was 52 min. All other scan param-
eters were kept unchanged.
 Two additional low-resolution scans in coupled and single coil 
operation using the 3-D FLASH sequences with the same contrast 
parameters described above (2 min each) were acquired and used 
to correct the signal intensity of the T 1 -weighted 3-D data set for 
the effect of the spatially inhomogeneous sensitivity of the surface 
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coils. The correction procedure was performed in MATLAB (ver-
sion 2007a, MathWorks Inc.), and is described in more detail else-
where  [16] .
 Histology and Immunohistochemistry 
 Animals were sacrificed after MRI acquisition on day 42 fol-
lowing HI. They received an overdose of pentobarbital (300 mg/
kg) and were perfused intracardially with 4% paraformaldehyde 
in phosphate-buffered saline. Brains were removed and embed-
ded in paraffin. Coronal sections (8   m) corresponding to –3.25 
mm from the bregma  [18] were cut and stained with either hema-
toxylin-eosin (HE; Klinipath, Duiven, The Netherlands), anti- 
microtubule-associated protein 2 (anti-MAP2; Sigma-Aldrich, 
Steinheim, Germany) for neuronal integrity, anti-cleaved cas-
pase-3 (Cell Signaling) for apoptosis, anti-ED1-fitc (Serotec, Ra-
leigh, N.C., USA) for cluster of differentiation 68 (CD68)-positive 
activated microglia/macrophages or anti-glial fibrillary acidic 
protein (anti-GFAP; Cymbus Biotechnology, Southampton, UK) 
as a marker for reactive astrocytes. Sections were then incubated 
with rat anti-FITC-biotin (Roche, Basel, Switzerland), goat anti-
rabbit-biotin (Vector Laboratories, Burlingame, Calif., USA) or 
horse anti-mouse biotin (Vector Laboratories). Visualization was 
performed using a Vectastain ABC kit (Vector Laboratories). 
Full-section images were captured with a MIRAX MIDI system 
(Carl Zeiss Microimaging GmbH, Jena, Germany). The number 
of cells stained positively for GFAP, CD68 and caspase-3 were 
evaluated semiquantitatively at  ! 20 in both hemispheres in four 
brain regions; cortex, hippocampus, thalamus and amygdala. 
Scores were given based on the most densely stained area within 
the region, ranging from 0: no stained cells, 1:  ! 33% of cells in 
area stained, 2: 33–67% stained to 3:  1 67% stained. 
 MR Image Analysis 
 ImageJ (v1.40 g, National Institutes of Health, USA) was used 
for MR image analysis  [19] . Outlines of the brain hemispheres 
were manually drawn on every slice in the 3-D T 1 -weighted data 
set, and the volumes of the two hemispheres were measured. The 
ratio of the right-to-left hemisphere volume was calculated and 
compared between groups and time points. For recognition of 
manganese enhancement, T 1 -weighted images were viewed with 
a Lookup table, where pixels with low signal intensity were gray-
scale, and pixels with signal intensities above a given threshold 
were colored red. This threshold was adjusted for each 3-D data 
set to be equal to the highest level of signal intensity in the hemi-
sphere contralateral to the injury for every animal. Hence, high 
signal areas in the injured hemisphere, indicating increased man-
ganese enhancement, would appear red. On images from day 42, 
regions of interest were placed in areas of the cortex, hippocam-
pus, thalamus and amygdala in the right hemisphere, and in ana-
tomically corresponding areas in the left hemisphere. The nor-
malized relative contrast in each region of interest was calculated 
for each animal as previously described  [16] . Areas with tissue 
loss, injury and manganese-enhanced structures were anatomi-
cally identified by comparing reconstructed coronal slices of the 
3-D T 1 -weighted data set with drawings in a rat brain atlas  [18] .
 Comparison of Histology and Manganese Enhancement 
 The slices stained for immunohistochemistry were evaluated 
using standard microscopy. The extent and density of caspase-3-, 
CD68- and GFAP-stained cells in different areas of the injured 
hemisphere were compared to the extent and intensity of manga-
nese enhancement on reconstructed coronal 2-D T 1 -weighted 
images, viewed with the lookup table described above. The MAP-
2 loss was also compared to the extent of manganese enhance-
ment. 
 Statistics 
 SPSS (v16.0, SPSS Inc., Chicago, Ill., USA) was used for all sta-
tistical analysis, and the level of significance was set to 0.05. For 
the normally distributed data, Student’s t tests were used to com-
pare mean brain hemisphere volumes and cell density scores be-
tween groups. Paired t tests were used to analyze differences in 
volumes between the two hemispheres and hemisphere volumes 
at different time points. 
 Results 
 Manganese Enhancement on MRI 
 In HI + Mn pups, high signal indicating manganese 
enhancement was clearly visible in areas of the injured 
right cerebral hemisphere 7 days after HI and injection 
with MnCl 2 ( fig. 1 ). The main areas were in the most dor-
sal and lateral parts of the remaining thalamus, close to 
the dilated ventricle/cyst, and in the anterior part of cau-
date putamen and in the external globus pallidus. Ante-
rior parts of the piriform cortex and the endopiriform 
nuclei were also manganese enhanced. Although most of 
the cortex and hippocampus in the right hemisphere was 
liquefied 7 days after HI, appearing as low signal areas on 
T 1 -weighted images, some manganese enhancement was 
also seen on the edge of the remaining cortex and in the 
remaining CA1 of the hippocampus. HI + vehicle pups 
showed the same morphological changes as HI + Mn 
pups, but there were no areas with high signal like the 
ones in HI + Mn pups ( fig. 1 C). 
 More extensive tissue loss with a large cystic lesion was 
seen on MRI on day 42 in both HI groups. Large areas of 
the septal region, striatum, hippocampus, cortex and lat-
eral and posterior thalamic nuclei that were intact on 
MRI on day 7 had a very low signal intensity equal to CSF 
on the T 1 -weighted images on day 42, indicating liquefac-
tion. Among HI + Mn pups, most areas with manganese 
enhancement on day 7 had low signal equal to CSF on day 
42 ( fig. 1 B). Moreover, high signal and increased relative 
contrast indicating manganese enhancement could be 
seen in the remaining thalamus, close to the cystic area 
and also some spots in the remaining cortex, hippocam-
pus and amygdala in the majority of HI + Mn pups 
( fig. 1 B,  2 A). These signal changes were not detected in 
HI + vehicle pups ( fig. 1 C,  2 A). 
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 Fig. 1. Reconstructed T 1 -weighted MR images in 
axial ( a ), coronal ( b ,  c ) and sagittal ( d ,  e ) view on 
days 7 and 42 after HI.  A Sham-operated control 
animals injected with MnCl2 (Sham + Mu) showed 
general signal enhancement in non-white matter 
structures, especially the olfactory bulbs and the 
hippocampus.  B Evolution of brain injury in HI 
animals injected with MnCl 2 (HI + Mn). Notice 
the high signal areas in the remaining thalamus, 
in the anterior part of caudate putamen and in the 
external globus pallidus and in parts of the re-
maining cortex on day 7, and how these areas have 
been liquefied, replaced by a cyst and appear with 
low signal (dark) on day 42. High signal intensity 
in the remaining thalamus and also some spots in 
the remaining cortex, hippocampus and amygdala 
can be seen on day 42-images of HI + Mn.  C HI + 
vehicle pup with generally lower signal, and with 
no high signal areas either at day 7 or 42. Notice 
the same increase in cyst size and loss of cerebral 
tissue from day 7 to day 42 in HI + Mn and HI + 
vehicle pups, and also the growth of cerebrum 
from day 7 to 42, particularly in the caudal-rostral 
direction.  
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 Brain Injury Volume Development on MRI 
 Among both groups of hypoxic-ischemic pups, the 
right cerebral hemisphere volume was significantly 
smaller than the contralateral hemisphere volume, both 
at 7 and 42 days after HI ( fig. 2 B). Even though there was 
no difference in the absolute volume of the right hemi-
sphere between day 7 and 42 among either group of HI 
pups, there was a significant relative reduction in right 
hemisphere volumes shown by a reduction in the ratios 
of the right-to-left hemisphere volume ( fig. 2 C). The left 
hemispheres were significantly larger after 42 days com-
pared to 7 days in both HI groups, and the same increase 
was also seen in both hemispheres of sham + Mn pups 
( fig. 2 B). 
 Histology 42 Days after HI 
 The same histological picture was seen in HI + Mn 
pups and HI + vehicle pups, and the morphology of the 
stained cells was the same. A cystic lesion dominated the 
right hemisphere. A typical picture of chronic infarction 
with reactive astrogliosis and activated microglia was 
seen in small areas of the remaining tissue of the cortex, 
hippocampus, thalamus and amygdala in the right hemi-
sphere close to the cystic lesion ( fig. 3 ). Loss of MAP-2 
staining was seen in the same areas ( fig. 3 ). The reactive 
astrocytes were mostly gemistocytic with strong GFAP 
staining, but in some areas they were more fibrillary in 
appearance ( fig.  3 ). Apoptotic cells were seen in low 
numbers in the same areas, but not in all gliotic areas. 
All HI + vehicle pups had lesions with some apoptotic 
cells, whereas 2 out of 7 HI + Mn pups and all sham + 
Mn had no visible caspase-3-positive cells. In 8 out of 13 
hypoxic-ischemic pups, there was a focal lesion in the 
remaining thalamus with the typical morphological ap-
pearance of a dystrophic calcification, with central ne-
crosis and surrounding astrogliosis with activated mi-
croglia ( fig. 4 ). The size of this calcification varied be-
tween animals, but it was located in approximately the 
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 Fig. 2.  A Mean relative contrast (normalized signal difference be-
tween the two hemispheres) in four brain regions in the right 
hemisphere at day 42 as measured on T 1 -weighted images. A small 
increase in the relative contrast was seen in the cortex, hippocam-
pus and amygdala with a large increase in the remaining thalamus 
among HI + Mn pups; thus, the signal intensity of these regions 
in the right hemisphere was increased compared to the left.
 B Graph shows how the volumes of the right cerebral hemisphere 
among HI + Mn and HI + vehicle were reduced compared to the 
left and to sham + Mn on days 7 and 42, but with no difference 
between the two time points and the two HI groups. Notice how 
the volume of the left cerebral hemisphere increased from day 7 
to day 42 in all groups indicating natural growth of the brain.
 C Graph shows how the ratios of the right-to-left hemisphere vol-
umes in the HI + Mn and the HI + vehicle group were reduced 
from day 7 to day 42, showing a relative reduction in the right 
hemisphere.  *  p  ! 0.05, HI + Mn versus HI + vehicle.  †  p  ! 0.05, 
HI + Mn or HI + vehicle versus sham + Mn.  ‡  p  ! 0.05, day 7 ver-
sus day 42.  §  p  ! 0.05, right versus left hemisphere. Error bars: 2 
 ! SEM. 
 Widerøe  /Brekken  /Kavelaars  /Pedersen  /
Goa  /Heijnen  /Skranes  /Brubakk  
Neonatology 2011;100:363–372 368
HE MAP-2 GFAPMRI T1-w
Sham
+Mn
HI
+Mn
Hl
+vehicle
C
A
H
C
A
H
C
A
H C
A
H
C
A
H
C
A
H
C
A
H
C
A
H
C
H
C
H
C
H
C
H
 3 
ns  ns  ns  
* * *
*
*
* *
ns  ns  ns  ns  
*
* *
* * *
* *
ns  ns  ns  ns  
* * *
ns  
Cor
tex
Hip
poc
am
pus
Tha
lam
us
Am
ygd
ala
Sham HI+Mn HI+vehicle
Cor
tex
Hip
poc
am
pus
Tha
lam
us
Am
ygd
ala
Sham HI+Mn HI+vehicle
Cor
tex
Hip
poc
am
pus
Tha
lam
us
Am
ygd
ala
Sham HI+Mn HI+vehicle
0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
G
FA
P 
sc
or
e
C
D
68
 s
co
re
C
as
p
as
e-
3 
sc
or
e
*
H
I+
M
n
H
I+
ve
h
ic
le Sh
am
+
M
n
G
FA
P
C
D
68
C
as
p
as
e-
3
H
I+
M
n
H
I+
ve
h
ic
le
H
I+
M
n
H
I+
ve
h
ic
le
Sh
am
+
M
n
Sh
am
+
M
n
C C
C
C
H A
C H H
H
H
A
C H A
C H A
C H A
C H A
A
B C
 Manganese-Enhanced MRI of Neonatal 
HI Brain Injury 
Neonatology 2011;100:363–372 369
HE GFAP CD68
A
B
C E
F
G
HD
 Fig. 3.  A Comparison of manganese enhancement on T 1 -weighted 
MR images and corresponding histological slices stained with HE 
and for MAP-2 and GFAP at day 42 after HI for three representa-
tive animals in the three groups (sham + Mn, HI + Mn and HI + 
vehicle). In sham + Mn, normal manganese enhancement can be 
seen corresponding to non-white matter structures and especial-
ly the neuronal layers of the hippocampus (long arrow H). In HI 
+ Mn pups, the small spots of increased signal intensity on T 1 
found in the cortex (C), hippocampus (H) and amygdala (A; short 
arrows) correlated with the increased GFAP staining, and to some 
extent to loss of MAP-2 staining (cortex and hippocampus). In HI 
+ vehicle pups, there was no increased signal in those areas, while 
histology showed the same increased GFAP staining and MAP-2 
loss (arrowheads) as in HI + Mn pups. Scale bar = 2 mm.  B Mean 
scores (error bars: 2  ! SEM) for density of GFAP-, CD68- and 
caspase-3-positive cells in the right cortex, hippocampus, thala-
mus and amygdala for the three groups. In sham + Mn, all scores 
were 0, thus the columns are not visible in the graphs. There were 
no significant (ns) differences between the HI + Mn and HI + ve-
hicle groups. GFAP and CD68 scores were higher among HI + Mn 
and HI + vehicle than sham + Mn ( *  p  ! 0.05), while the caspase-3 
score was only significantly increased among HI + vehicle pups 
compared to shams in the cortex, hippocampus and amygdala.
 C Examples of the stained cells at high magnification taken from 
the individuals in the upper panel. Magnified areas correspond to 
the areas marked with arrows in  A . Scale bar = 20   m. 
 Fig. 4. Main manganese enhancement on day 42 was seen in the 
remaining thalamus ( A , boxed). The corresponding area on HE 
stains ( B–D ) showed the classic morphology of a dystrophic calci-
fication with necrotic cells in which calcium deposits appear as 
basophilic, amorphous granules ( D ). There was also surrounding 
reactive astrogliosis with increased GFAP staining ( E and  F ) and 
activated microglia stained with CD68 ( G and  H ). Scale bars =
1 mm ( A and  B ), 100   m ( C ,  E and  G ) and 20   m ( D ,  F and  H ). 
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same area in all animals. The left hemisphere of both HI 
groups and both hemispheres of the sham + Mn pups 
showed the same staining pattern for MAP-2, and just 
occasional reactive astrocytes, activated microglia or 
apoptotic cells.
 Correlation of Histology and Manganese 
Enhancement on MRI 
 The main manganese enhancement after 42 days was 
seen in the thalamus and corresponded to the dystrophic 
calcification observed on histological slices ( fig. 4 ). All HI 
+ Mn pups with calcification on histology showed man-
ganese enhancement in this area. In addition, there was 
manganese enhancement in thalamus in one of the HI + 
Mn animals that had no visible necrotic/calcified area. 
However, this animal had significant amounts of reactive 
astrocytes and activated microglia in the same area as the 
manganese enhancement. None of the HI + vehicle ani-
mals with calcification showed signal increase on MRI. 
The small areas with manganese enhancement in the
remaining cortex, hippocampus and amygdala corre-
sponded to a large extent to the MAP-2 loss and astro-
gliosis with activated microglia observed in these areas 
with immunohistochemistry ( fig. 3 ).
 Discussion 
 In this study, we have shown that longitudinal  MEMRI 
can depict the process of cerebral tissue loss after HI and 
the remnants of the disease process in the neonatal rat 
brain up to 6 weeks after the initial insult. Significant 
amounts of cerebral tissue became liquefied in the period 
from 7 to 42 days after the hypoxic-ischemic insult, and 
several of these areas could be identified by manganese 
enhancement on day 7. Areas of manganese enhance-
ment were also visible after 42 days, and were related to 
calcifications and astrogliosis with activated microglia, 
representing remnants of the infarction and the injury 
processes 6 weeks after the initial insult.
 Manganese Enhancement 
 Increased manganese enhancement in the injured 
hemisphere was defined by higher signal intensity on T 1 -
weighted images than on the contralateral side, where 
normal uptake and manganese enhancement  [13] were 
assumed. The signal increase and contrast on the contra-
lateral side were similar to those observed in the shams 
injected with manganese, supporting the assumption 
above. Reducing the threshold would have given higher 
sensitivity for detecting manganese enhancement, but 
would also reduce the specificity of the detection, and the 
threshold was chosen to avoid false positives. However, it 
is likely that the reduced sensitivity may have led to an 
underestimation of the manganese-enhanced areas in 
the injured hemisphere. Although the MR protocol was 
optimized for high contrast to noise, calculations of T 1 
and relaxivity maps might have improved the sensitivity 
for detecting manganese and making quantification of 
the manganese enhancement easier. However, this would 
also limit the spatial resolution of the imaging within the 
same time frame, and the latter was prioritized in this 
study.
 Manganese Enhancement Related to Dystrophic 
Calcifications on Day 42 
 In a previous study in the same animal model, we have 
shown that high signal intensity areas due to manganese 
enhancement on day 7 corresponded to areas with acti-
vated microglia and reactive astrocytes on immunohis-
tochemistry  [16] . On day 42 after HI, activated microglia, 
reactive astrocytes and MAP-2 loss, indicating neuronal 
loss, were also found in the small areas with high signal 
intensity on T 1 -weighted images in remaining cerebral 
structures. However, the main areas with high signal in-
tensity were related to dystrophic calcified areas in the 
thalamus with surrounding gliosis and activated micro-
glia. Although intracranial calcifications can occasion-
ally give high signal intensity on T 1 -weighted MRI  [20] , 
the signal increase is more likely due to manganese en-
hancement since high signal intensity in these calcified 
areas was only detected in animals injected with MnCl 2 . 
Manganese enhancement of normal brain tissue peaks 
about 24 h after administration  [15] , and the manganese 
enhancement seen at day 42 may therefore be related to 
new manganese uptake in the surrounding astrogliosis 
 [21] . However, our previous results  [16] also indicate that 
it may take more time for manganese to accumulate in 
pathological tissue. It is possible that longer time between 
administration and image acquisition could improve new 
manganese enhancement related to the pathological pro-
cesses. The manganese enhancement seen after 42 days 
may also represent Mn 2+ deposits within the calcifica-
tions and gliotic areas originating from the early MnCl 2 
injection. Although manganese is normally not detect-
able on MRI in the brain 3 weeks after administration 
 [15] , pathological processes following hypoxia and isch-
emia like calcifications, gliosis and chronic inflamma-
tion may lead to more accumulation and stronger and 
longer-lasting binding of manganese. In a study by Fu-
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jioka et al.  [22] , high signal intensity areas on T 1 -weighted 
images related to increased concentrations of native man-
ganese were found from 1 to 16 weeks after ischemia in 
the rat brain. It is therefore possible that the manganese 
enhancement found after 6 weeks in our study can be re-
lated to manganese deposits originating from the MnCl 2 
injected 6 h after the hypoxia, rather than new uptake of 
manganese into cells after injection 24 h prior to imaging 
on day 42. 
 Longitudinal Brain Injury Development and
Tissue Loss 
 As this study demonstrates, delayed injury and de-
struction of cerebral tissue after HI is a prolonged pro-
cess lasting several weeks. Although there was no change 
in the absolute volume of the right cerebral hemisphere 
from 7 to 42 days after HI, there was a significant reduc-
tion in the relative volume shown by a reduction in the 
right-to-left hemisphere volume ratios. This result can be 
explained by normal growth of the cerebral tissue in the 
left hemisphere and two simultaneous processes in the 
right hemisphere – growth of cerebral tissue in combina-
tion with simultaneous tissue loss due to clearance of cell 
debris and delayed cell death in injured areas. Tissue loss 
was clearly visible on the MR images as cerebral areas 
that appeared normal or with manganese enhancement 
on day 7 were replaced by low signal equivalent to CSF 
on day 42 ( fig. 1 B, C). This indicates that liquefaction and 
cyst formation was the major response to injury, and is 
further supported by histology that showed few and 
small areas with gliosis. This is in accordance with previ-
ous studies showing that injury to the neonatal brain 
causes primarily dilation of ventricles and cyst forma-
tion, rather than gliosis and scar formation as replace-
ment for the loss of neurons  [4] . The pattern we found in 
our study of delayed tissue loss in thalamus and basal 
ganglia has also been described by others in both animal 
and clinical studies  [4, 7, 23–27] . Interestingly, the thala-
mus and basal ganglia are extensively connected with the 
cortical areas that liquefy during the first week. It has 
been proposed earlier that loss of connections may lead 
to a target deprivation and induce neuronal death in con-
nected areas  [27, 28] . More important, the results of the 
longitudinal manganese-enhanced MR imaging in this 
study, showing manganese enhancement on day 7 after 
HI in large parts of these brain structures that later liq-
uefy, indicate that a continuing inflammatory process is 
an important factor in the process of delayed cell death 
and development of cysts, since the manganese enhance-
ment on day 7 was correlated with activated microglia 
and reactive astrocytes in our previous study  [16] . Fur-
thermore, as shown by the images in  figure 1 B, the man-
ganese-enhanced areas with astrogliosis and activated 
microglia on day 42 are adjacent to the manganese-en-
hanced areas on day 7, which may indicate that more 
brain areas are affected by the injury over time. The find-
ing of apoptotic cells and activated microglia in cerebral 
areas with reactive astrogliosis indicates that elements of 
the injury process are still active 42 days after the brain 
infarction. Although microglial cells have an important 
role in phagocytosing and cleaning up dead cells, these 
cells can also contribute to cell injury and death by gen-
eration of free radicals, secretion of cytokines and in-
creased excitotoxicity  [1, 4] , and there is also evidence to 
suggest that microglia can influence the development of 
astrogliosis  [29] . 
 Conclusion 
 This study shows that hypoxic-ischemic injury to the 
neonatal brain is a prolonged pathological process lasting 
several weeks. MEMRI has been shown to be a useful tool 
to follow this process in vivo by depicting pathological 
tissue that later undergoes liquefaction and disappears. 
Manganese also seems to accumulate in calcified and gli-
otic tissue over time. In future studies of novel neuropro-
tective strategies, MEMRI should be considered as a use-
ful tool to evaluate the efficacy of the treatment by visual-
izing its effect on the ongoing processes following CNS 
injury. 
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Abstract
Doxycyclinemay potentially be a neuroprotective treatment for neonatal hypoxicͲischemic
brain injury through itsantiͲinflammatoryeffects.Theaimof thisstudywas toexamineany
longͲterm neuroprotection by doxycycline treatment on cerebral grey and white matter.
HypoxicͲischemicbraininjury(HI)wasinducedinsevendaysoldrats.Pupsweretreatedwith
eitherdoxycycline (HI+doxy)orsaline(HI+vehicle)by intraperitoneal injectiononehourafter
HI.SixhoursafterHI,MnCl2wasinjectedintraperitoneallyforlatermanganeseͲenhancedMRI.
MRIwasperformedwithdiffusionweighted imagingdayone and T1Ͳweighted imaging and
diffusiontensorimaging(DTI)7,21and42daysafterHI.AnimalsweresacrificedafterMRIon
day 42 and histological examinations of the brainswere performed. Therewas a tendency
towardslowerlesionvolumesondiffusionmapsamongHI+doxythanHI+vehicleonedayafter
HI.VolumetricMRIshowedincreasingdifferencesbetweengroupswithtimeafterHI,withless
cystformationandlesscerebraltissuelossamongHI+doxypupsthanHI+vehicle.HI+doxypups
had lessmanganeseͲenhancement on day seven afterHI, indicating reduced inflammation.
HI+doxyhadhigher fractionalanisotropyonDTI inmajorwhitematter tracts in the injured
hemisphere than HI+vehicle, indicating less injury towhitematter and bettermyelination.
Histological examinations supported theMRI results. Lesion size on earlyMRI was highly
correlatedwithfinalinjurymeasures.Inconclusion,asingledoseofdoxycyclinereducedlongͲ
term cerebral tissue loss and white matter injury after neonatal hypoxiaͲischemia, with
increasingeffectoftreatmentwithtimeafterinjury.
Keywords:ManganeseͲenhancedMRI,DTI,braininjury,inflammation,microglia.
Abbreviations: ADC Ͳ Apparent Diffusion Coefficient; CCA Ͳ Common Carotid Artery; DTI Ͳ
DiffusionTensor Imaging;FA ͲFractionalAnisotropy;HI ͲHypoxiaͲIschemia;MRI ͲMagnetic
ResonanceImaging.
2
Introduction
HypoxicͲischemic insults to theneonatalbrain are amajor causeofdeath andneurological
deficits among children (Ferriero, 2004; Volpe, 2009). The current therapeutic options for
treatingorpreventinghypoxicͲischemic injuriesare limitedandthe longͲtermeffectsarestill
unknown (Ferriero,2004;Gonzalez&Ferriero,2009).  Inflammation isakeyelement in the
response to hypoxicͲischemic insults, and the release of cytokines, free radicals and nitric
oxides from activatedmicroglia isoneof the contributing injurymechanisms (Mcrae etal.,
1995; Ferriero, 2004; Khwaja & Volpe, 2008; Volpe, 2009). Activated microglia and
macrophagesalsoseemimportantinthedelayedinjuryresponse(Mcraeetal.,1995;Khwaja
& Volpe, 2008). Inhibition of brain inflammation is therefore an interesting target for new
treatments(Gonzalez&Ferriero,2009).
Doxycycline andminocycline are secondͲgeneration tetracyclines that have been used for
treatmentof infectiousdiseasesfordecades. Inadditiontotheantibacterialproperties,they
exhibit antiͲinflammatory effects (Buller et al., 2009). The neuroprotective abilities of
doxycyclinewerefirstshowninischemicbraininjuriesinadultrabbits(Clarketal.,1994).Since
then,neuroprotectionafterneonatalhypoxicͲischemicbraininjuryhasbeenshownwithboth
minocyclineanddoxycycline in ratmodels,mainly through inhibitionofmicroglialactivation
andantiͲapoptoticmechanisms(Arvinetal.,2002;Jantzieetal.,2005;Caietal.,2006;Fanet
al.,2006; Jantzie etal.,2006;Carty etal.,2008; Jantzie&Todd,2010;Wixey etal.,2011).
However, most studies have focused on shortͲterm effects, up to seven days after HI.
Considering that hypoxicͲischemic injury to the neonatal brain is a prolonged pathological
process that lasts forseveralweeks in theneonatalrat (Geddesetal.,2001;Wideroeetal.,
2011), it is important to examinewhether doxycycline has additional longͲterm effects on
delayedbraininjury,viainhibitionoftheprolongedinflammatoryresponse.
Longitudinalstudiesusingmagneticresonance imaging (MRI)areespeciallysuitedtoanswer
thesequestions.WehavepreviouslyusedmanganeseͲenhancedMRItovisualizethedelayed
injuryprocesswithastrogliosisand inflammationafterneonatalhypoxicͲischemicbrain injury
(Wideroe et al., 2009;Wideroe et al., 2011).Diffusion tensor imaging (DTI) is anotherMRI
method that allows visualization of injury and developmentalmaturation of whitematter
tractsinvivo(Mori&Zhang,2006).InthisstudywehaveusedDTIinadditiontomanganeseͲ
enhancedMRItoassesstheeffectsofdoxycyclineonthelongitudinaldevelopmentofcerebral
greyandwhitematterinjuryinaneonatalratmodelofhypoxiaͲischemia.
Themainaimwastoevaluatethepotential longͲtermneuroprotectiveeffectsofdoxycycline
andtoexaminetheeffectofdoxycyclineonthestructuralevolutionofinjuryoverweeksafter
thehypoxicͲischemic insult.We alsowanted to examine the valueof earlydetailedMRI in
predictingthelongͲtermextentofinjurytocerebralgreyandwhitematter.
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Materialandmethods
Animals
Wistarrats(Scanbur,NorwayAS)werebredintheAnimalFacilityattheNorwegianUniversity
ofScienceandTechnology inTrondheim.TimeͲmatedratsandtheiroffspring(n=20)ofboth
genderswere keptona12:12hours light:dark cycle.Theywereweanedat theageof four
weeksandhadfoodandwateradlibitum.Animalexperimentswereconductedinaccordance
withEuropeanCommunitiesCouncilDirectiveof1986(86/609/EEC)throughguidelinessetby
theNorwegianEthicsCommitteeforAnimalResearch,andtheexperimentswereapprovedby
theresponsiblegovernmentalauthority(Forsøksdyrutvalget).
HypoxiaͲIschemia(HI)
TheVannuccimodelforhypoxicͲischemicbraininjurywasused(Riceetal.,1981;Vannucci&
Vannucci,2005). Inshort, the rightcommoncarotidartery (CCA)ofsevendaysold ratswas
identified,thermoͲcauterizedandseveredunderisofluraneanaesthesia.Afterrecoveringfrom
thisoperationforbetween2and4hours,pupswereputinafibreglassboxinsideanincubator
holding36±0.5ºC.TheboxwasflushedwithpreͲheatedhumidifiedairwith8%O2(in92%N2)
for60min.Pupswereallowed to recover for5minutesbefore theywere returned to their
dam. In each litter two pups were shamͲoperated; the right CCA was identified, but not
severed.ShamͲoperatedanimalswerenotsubjectedtohypoxia.
Studygroupsanddrugadministration
PupswererandomisedtoHIwithtreatment(HI+doxy;n=8),HIwithouttreatment(HI+vehicle;
n=8)andshamͲoperation(sham;n=4)attimeofsurgicalprocedureondaysevenafterbirth.
Onehourafterendofhypoxia,asingledoseof150ђldoxycycline (Doxyferm®,NordicDrugs
AB,Limhamn,Sweden)ataconcentrationof1mg/ml(equivalentto10mg/kgbodyweightfora
15grat)wasgivenbyintraperitonealinjectiontopupsinthetreatmentgroup(HI+doxy),while
nonͲtreated pups (HI+vehicle) received a single injection of 150ђl 0.9% NaCl. For the
manganeseͲenhancedMRI,MnCl2(#7773Ͳ01Ͳ5,SigmaͲAldrichInc.,St.Louis,USA)wasgivenas
adoseof40mg/kgbodyweight (~318ђmolMn2+/kg)ata concentrationof100mM (diluted
with0.9%NaCltoavolumeof150ђl)byintraperitonealinjectiontoallpupssixhoursafterthe
endofhypoxia.Oneanimal(HI+vehicle)died4weeksafterHIforunknownreasons.
MagneticResonanceImaging
MRIwasperformedondays1,7,21and42afterHIusinga7Tmagnet (Biospec70/20AS,
BrukerBiospinMRI,Ettlingen,Germany)withwaterͲcooledgradients(BGAͲ12,400mT/m).A
volume resonatorwas used for RF transmission and actively decoupled head surface coils
(BrukerBiospin)wereused forRFreception.Animalswere imaged longitudinallyatall timeͲ
points.Duringscanningtheanaesthetized(2%isofluranein30%O2,70%N2)pupslaypronein
adedicatedwaterheatedbedand theheadofeveryanimalwas fixed in the sameposition
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with tooth bar, noseͲmask and polystyrene. Temperature and respiration weremonitored
duringthescanningprocedure.
On day one, diffusion weighted images were obtained using a Echo Planar Imaging (EPI)
sequencewith6bͲvalues(100/200/400/600/800/1000ms);TE=37.50ms;TR=3000ms;field
ofview(FOV)30×20mm2;acquisitionmatrix(MTX)192×128;15coronalslicesá1mm;4
averages;5min36secacquisitiontime.
Ondays7,21 and42T1Ͳweighted3Ddata setswereobtainedwith a gradientecho FLASH
sequence (FA = 30º, TR = 12ms, TE = 3.25ms).While all other scan parameterswere kept
unchanged,thegeometryandscantimedifferedforeachtimeͲpoint:Onday7:FOV=25×25
×17mm3;MTX=160×120×84;16averages;32minacquisitiontime.Onday21:FOV=30×
25×20mm3;MTX=192×120×96;16averages;37minacquisitiontime.Onday42:FOV=30
×30×20mm3;MTX=192×144×48;8averages;11minacquisitiontime.AteachtimeͲpoint,
two additional lowͲresolution FLASH sequences in coupled and single coil operation were
acquiredwith the same contrastparametersandFOVasdescribedabove (2mineach)and
usedtocorrectthesignalintensityoftheT1Ͳweighted3Ddatasetfortheeffectofthespatially
inhomogeneous sensitivityof the surface coils. The correction procedurewasperformed in
MATLAB (ver. R2010a,MathWorks Inc, NatickMA, USA), and is described inmore detail
elsewhere(Wideroeetal.,2009).
Ondays7,21and42diffusiontensorimaging(DTI)wasperformedwithanEPIsequenceusing
30directionsandb=1000ms;5b0imagesandthefollowingscanparameters:Ondays7and
21:TE=35;TR=2550ms;FOV=30×40mm2;MTX=128×172;4averages;17axialslicesá
0.5mm;24minacquisitiontime.Onday42:TE=40;TR=3750ms;FOV=40×49.6mm2;MTX
=172×212;4averages;25axialslicesá0.5mm;35minacquisitiontime.
Histologyandimmunohistochemistry
AnimalsweresacrificedafterMRIacquisitiononday42afterHI.Theyreceivedanoverdoseof
pentobarbital(300mg/kg)andwereperfused intracardiallywith4%paraformaldehyde(PAH)
in phosphateͲbuffered saline (PBS). Brainswere removed and embedded in paraffin. Axial
sections(8ʅm)correspondingto–4.28mmfromthebregma(Paxinos&Watson,1998)were
cutandstainedwitheitherhematoxylinͲeosin(HE)(Klinipath,Duiven,theNetherlands),antiͲ
MAP2 (SigmaͲAldrich, Steinheim, Germany) for neuronal integrity, antiͲED1Ͳfitc (Serotec,
Raleigh, NC) for CD68Ͳpositive activatedmicroglia/macrophages, or antiͲMBP (Sternberger
MonoclonalsInc.,Lutherville,MD)formyelin.SectionswerethenincubatedwithratͲantiͲFITCͲ
biotin (Roche, Basel, Switzerland), goatͲantiͲrabbitͲbiotin (Vector Laboratories, Burlingame,
CA) or horseͲantiͲmouseͲbiotin (Vector Laboratories, Burlingame, CA). Visualization was
performedusingaVectastainABCkit(VectorLaboratories).Fullsectionimageswerecaptured
withaMIRAXMIDIsystem (CarlZeissMicroImagingGmbH, Jena,Germany). Tissue lossand
neuronal losswas evaluated semiͲquantitatively at x20 in 12 regions of the right cerebral
hemisphere.  Putamen, thalamus and five subregions of the hippocampal structure
(Subiculum,dentategyrus,CA1,CA2andCA3)werescored:0:noloss;1:<33%tissue/neuronal
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loss;2:33Ͳ67%tissue/neuronalloss;3:>67%tissue/neuronallossand4:Totaldissolution.The
five cortical regions (see figure 6)were scored: 0: no loss; 1: neuronal loss in small areas
limitedtolayerIII;2:Patchyneuronallossinvolvingmorelayers;3:reducedcorticalthickness
and 4: Total dissolution. Histological injury score was defined as the average score of all
regions.ThepresenceofCD68positivemicroglialcellswasalsoevaluatedsemiͲquantitatively
inthesameregionsandscoredfrom0:noCD68positivecells;1:patchyfewcellsinonearea;
2:patchygroupsofcells inseveralareas; to3: largeareaswithmanycells.For regions that
were in total dissolution, no scorewas given and the average of the scored regionswere
definedastheCD68score.
MRImageanalysis
Apparent diffusion coefficient (ADC) maps were calculated using inͲhouse developed
software(MATLABver.R2010a)byfittingamonoexponentialmodeltothesignalintensityof
theimageswithdifferentbͲvalues.FurtheranalysesofADCͲmaps,T1ͲweightedimagesandDTI
wereperformedwiththetoolsoftheFMRIBsoftwarelibrary(FSLver.4.1.4,OxfordCentrefor
FunctionalMRIoftheBrain,UK;www.fmrib.ox.ac.uk/fsl) (Smithetal.,2004;Woolrichetal.,
2009).
AsemiͲautomaticsegmentationmethodwasusedtoestimatethelesionvolumeonADCͲmaps
basedontheassumptionthatchanges inADC intherightcerebraltissueweredueto injury
whileADC inthe lefthemispherewaspreservedandnormal.After initialmanualmaskingof
thebrainhemispheres,automaticclusteringwasperformedusingFAST(partofFSL)(Zhanget
al.,2001).Inthismethodallvoxelsinbothhemisphereswereassignedaclassvaluefrom1Ͳ5
reflecting their ADCͲvalue, while taking into account the similarity of ADCͲvalues of
neighboringvoxels.Foreachclassthevolumeoftissueineachhemispherewascalculatedby
counting thenumberof voxels.Avolumedifferencebetween the twohemispheres ineach
classwasassumedtorepresenta lesionvolume.Thetotal lesionvolumewasthenestimated
fromthesumofthesevolumedifferencesacrossallclasses.
T1ͲweightedMRimageswereusedtomeasurevolumesofthecerebraltissueandmanganeseͲ
enhancement.Masks for thecerebral tissue in the rightand the lefthemispheresaswellas
cystintherightcerebralhemisphereweremanuallydrawnontheT1Ͳweighted3Ddatasetsin
Fslview (partofFSL),andthevolumesweremeasured.Totalbrainvolumewascalculatedas
thesumofcyst,rightandleftcerebraltissue.Therelativevolumeofrightcerebraltissuewas
calculated by dividing the volume of right cerebral tissue by the total brain volume.
ManganeseͲenhancedareas in the rightcerebralhemisphereweredefinedbyhavinghigher
signalintensityonT1Ͳweightedimagesdayseventhanonthecontralateralside(seeWideroe
et al. (2011) formore details).Masks for themanganeseͲenhanced tissue weremanually
drawnandthevolumescalculated.
To examine cerebral whitematter maturation and injury, the DTI images were analyzed.
Images were preprocessed to reduce image artifacts due to motion and eddy current
distortionsbyaffinetransformationandcoͲregistrationofthediffusionencodedimagestothe
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b0 images.Brainswere segmentedusing theBrainExtractionTool (partofFSL).FDTver2.0
(partofFSL)wasusedtofitavoxelvisediffusiontensormodeltotheDTIdata(Behrensetal.,
2003).Maps for fractional anisotropy (FA),mean diffusivity (MD), radialdiffusivity (ʄŏ) and
axialdiffusivity(ʄŒ)werecreated.Regionsofinterest(ROIs)weremanuallydrawnincentreof
the corpus callosum (genu, body and splenium), right and leftmajor whitematter areas
(internalcapsule,externalcapsule,hippocampalfimbriaandcingulum)ontheFAͲmaps.Mean
FA,MD,ʄŏandʄŒwerecalculatedineachofthethreeROIsineachanimal.
Statistics
PASW Statistics 18 (release 18.0.2, SPSS Inc., Chicago, IL, USA)was used for all statistical
analysisand the levelof significancewas set to0.05.Linear regressionwasused to test for
correlations between earlymeasures of injury and later outcomemeasures. Paired tͲtests
wereused toanalyzedifferences
involumesandDTIdatabetween
the two hemispheres. Linear
mixed models were used to
analyse lesion volume on ADCͲ
maps, volume of manganeseͲ
enhanced tissue, brain volume
data, and the DTI data using
experimentgroupandtimeͲpoint
asfixedfactors.Wefittedmodels
ofrestrictedmaximum likelihood
ratio to test for effects of
experiment group, time, and
interaction between time and
group, with post hoc Least
Significant Difference tests.
Models were also tested with
recovery time from CCA
operation to start of hypoxia as
fixed factor to control for
possible confounding effects.
These data are presented as
estimated marginal means with
95% confidence intervals, unless
stated otherwise. Differences in
histologicalinjuryscoreandCD68
score between the treatment
groups were analysed with
MannͲWhitneyͲUtest.
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Figure1LesionsonADCͲmapsdayoneafterHI.
Images AͲC show examples of ADCͲmaps. A: HI+doxy pup
withmildinjury.NoticereducedADCincortex(shortarrow)
and increased ADC in external capsule (arrow head). B:
HI+vehiclepupwithsevereinjury.Noticethelargereduction
of ADC in cortex (short arrow) and thalamus (long arrow)
with increased ADC in external capsule (arrow head). C:
Sham; no difference between hemispheres. D: Bar chart
showsmeanlesionvolumesonADCͲmapsdayonewith95%
confidenceintervalsinSham,HI+doxyandHI+vehiclegroups.
HI+vehiclehadhigher lesionvolumesthanthatmeasured in
Sham(*p<0.05).Thetendencyofhigher lesionvolumes in
HI+vehicle versus HI+doxy (p = 0.075), became significant
after including recovery time from carotid arteryoperation
tohypoxiaasacovariateintheanalyses(#p<0.05).
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Results
LesionsonADCͲmapsoneday
afterHI
One day after HI, lesions were
seenontheADCͲmapsasreduced
ADC in the right cortex,
hippocampus, thalamus and
putamen, and increased ADC in
therightexternalcapsuleclose to
thehippocampus(Figure1).There
wasa largevariation in lesionsize
onADCͲmapsamongbothHI+doxy
and HI+vehicle, but with a
tendency towards larger lesion
volumes among HI+vehicle pups
than HI+doxy pups (p=0.075)
(Figure 1). This variation in lesion
volume could to some extent be
explained by the recovery time
from CCA operation to hypoxia.
Shorter recovery time resulted in
larger lesion volumesonADCday
one,andreducedvolumesofright
cerebraltissueonlatertimepoints
(Figure 2). Litter, gender, body
weight or duration of operating
procedure did not affect the
outcome measures. When
recovery time was included as a
covariate in the analysis, the
difference in lesion volume
between HI+doxy and HI+vehicle
onADCͲmapsondayonebecame
statisticallysignificant(p=0.026).
The lesion volumes on ADCͲmaps
on day one were positively
correlatedwith cyst volumes and
negatively correlated with
absolute and relative volumes of
rightcerebral tissueondays7,21
R² = 0.2712
0
10
20
30
40
50
60
125 150 175 200 225
Re
la
tv
e
vo
lu
m
e
of
rig
ht
ce
re
br
al
ts
su
e
da
y
7
(%
)
Recovery Time (min)
HI+doxy HI+vehicle
p = 0.039
R² = 0.3293
0
20
40
60
80
100
125 150 175 200 225
Le
sio
n
vo
lu
m
e
on
AD
C Ͳ
m
ap
da
y
1
(ђ
l)
Recovery Time (min)
HI+doxy HI+vehicle
p = 0.020
A B
Figure2Correlationswithrecoverytime.
Scatterplotsshowthecorrelationsbetweenrecoverytime
(time between operation with severing of right common
carotid artery and exposure to hypoxia) andmeasures of
injuryondayone(A)anddayseven(B).Linesrepresentthe
fitted linearregression linesforallsubjects.R2andpͲvalue
foreachlinearegiven.
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Figure3Developmentofcerebraltissuevolumesandcysts
onMRI.
Mean volumes of left (A) and right (B) cerebral tissue,
relative volumes of right cerebral tissue (C) and cystic
volumes(D)ondays7,21and42afterHIinSham,HI+doxy
andHI+vehicle. The bars show estimatedmarginalmeans
for each groupwith error bars indicating 95% Confidence
intervals.†p<0.05forday21or42vs.day7;‡p<0.05for
day 21 vs. 42; * p < 0.05 between groups; # p < 0.05
betweenHI+doxyandHI+vehicleinlinearmixedmodelwith
recoverytimeincludedascovariate.
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and42(Table1).ThelesionvolumesonADCdayonewerealsonegativelycorrelatedwithFA
valuesofwhitemattertractsonlatertimeͲpoints(Table1).
Table1CorrelationsbetweenlesionvolumeonADConedayafterHIanddifferentoutcomemeasureson
day7,21and42:Totalbrain volume, volumesof leftand right cerebral tissue, cystic volume, relative
volume of right cerebral tissue,mean FA values in left and right whitematter (WM) and in corpus
callosum,volumeofmanganeseͲenhancedtissueonday7,change incystvolumefromday7to42and
injury score on histology day 42. Coefficientswith R2 from linear regression analyses are shownwith
statisticalsignificanceindicatedby§p<0.005and*p<0.001.
 Day7  Day21  Day42
Dependent
variable Constant B R
2  Constant B R2  Constant B R2
Totalbrainvolume 986.332 Ͳ3.003 0.654*  1244.066 Ͳ0.402 0.708*  1342.614 Ͳ4.186 0.663*
Leftcerebral
tissuevolume 493.292 Ͳ0.262 0.103  617.716 Ͳ0.217 0.037  669.469 Ͳ0.277 0.054
Rightcerebral
tissuevolume 504.697 Ͳ3.587 0.855*  637.525 Ͳ4.661 0.889*  689.233 Ͳ5.145 0.870*
Cysticvolume Ͳ11.657 0.845 0.850*  Ͳ11.175 0.857 0.816*  Ͳ16.088 1.235 0.871*
Relativeright
cerebralvolume 51.638 Ͳ0.265 0.950*  51.863 Ͳ0.274 0.958*  51.894 Ͳ0.286 0.951*
FAinleftWM 0.440 0.000 0.014  0.554 0.000 0.184  0.578 Ͳ0.001 0.651§
FAinrightWM 0.449 Ͳ0.001 0.596*  0.574 Ͳ0.002 0.751*  0.569 Ͳ0.002 0.711*
FAinCC 0.504 Ͳ0.001 0.175  0.607 Ͳ0.002 0.475§  0.649 Ͳ0.004 0.719*
           
Dependent
variable     Constant B R
2    
VolumeofmanganeseͲenhancedtissueday7  Ͳ2.532 0.259 0.845*    
Changeincystvolumefromday7to42  Ͳ4.695 0.408 0.910*    
Injuryscoreonhistologyday42 Ͳ0.366 0.046 0.884*  
GroupdifferencesindevelopmentofcerebraltissueandcystvolumesonMRI
Test for fixed effects within a linear mixed model showed larger cyst volumes among
HI+vehiclethanHI+doxy(p=0.013),withatendencytowardsinteractionbetweendaysafterHI
andexperimentgroup(p=0.059)thatwasduetoanincreaseinmeancystvolumefromday21
to 42 in the HI+vehicle group (Figure 3). Therewas an overall tendency towards HI+doxy
having largermeanvolumeof right cerebral tissue (p=0.074)and larger relativevolumesof
right cerebral tissue (p=0.069) than HI+vehicle. After including recovery time in themixed
linearmodels thesedifferencesbecame significant (p=0.034 andp=0.044 respectively). The
volume of the right cerebral tissue increased from day 7 to day 42 after HI. A significant
interaction between days after HI and experiment group was seen (p=0.003), resulting in
smallermeanvolumeofrightcerebraltissueamongHI+vehiclethanHI+doxyonday42(Figure
3).WhileHI+vehiclehadlowermeanabsoluteandrelativevolumeoftherightcerebraltissue
than shamonall timepoints, therewerenodifferencesbetweenHI+doxyand shamatany
timeͲpoint(Figure3).
9
R² = 0.8781
0
5
10
15
20
25
30
35
0 5 10 15 20 25
Ch
an
ge
in
cy
st
vo
lu
m
e
fr
om
da
y
7
to
da
y
42
(ђ
l)
Volume ofmanganeseͲenhanced
ssue day 7 (ђl)
sham HI+doxy HI+vehicle
p< 0.001
R² = 0.8399
0
20
40
60
80
100
0 5 10 15 20 25
Cy
s
cv
ol
um
e
da
y4
2
(ђ
l)
Volume ofmanganeseͲenhanced
ssue day 7 (ђl)
sham HI+doxy HI+vehicle
p< 0.001
R² = 0.8674
0
10
20
30
40
50
60
0 5 10 15 20 25
Re
la
ve
vo
lu
m
e
of
rig
ht
ce
re
br
al
ss
ue
da
y
42
(%
)
Volume ofmanganeseͲenhanced
ssue day 7 (ђl)
sham HI+doxy HI+vehicle
p < 0.001
0
2
4
6
8
10
12
14
16
18
20
M
ea
n
vo
lu
m
e
m
an
ga
ne
se
Ͳ
en
ha
nc
ed
ss
ue
da
y
7
(ђ
l)
Sham HI+doxy HI+vehicle
*
*
A B C D
E F G H
Figure4ManganeseͲenhancementondaysevenafterHI.
ImagesinupperrowshowthevariationofmanganeseͲenhancementondaysevenafterHIinpupswith
differentseverityofinjurycorrespondingtothatonhistologyday42.A:ShamwithnormalmanganeseͲ
enhancement.B:HI+doxypupwithmildinjuryshowedincreasedmanganeseͲenhancementprimarilyin
putamen (short arrow). C: HI+vehicle pup with moderate injury showed increased manganeseͲ
enhancement inputamen(shortarrow),thalamus(longarrow)andcortex(arrowhead).D:HI+vehicle
pupwith severe injury showedmore increasedmanganeseͲenhancement in putamen (short arrow),
thalamus (long arrow) and cortex (not in image slice). Bar chart E shows the volume of tissuewith
increased manganeseͲenhancement in right hemisphere among Sham, HI+doxy, HI+vehicle on day
seven.Thevolumewaszero inallshamanimals.Thebarsshowmeansforeachgroupwitherrorbars
indicating95%Confidence intervals.*p<0.05betweengroups.ScatterplotsFͲHshowthecorrelation
between volume of manganeseͲenhanced tissue day seven and relative volume of right brain
hemisphereday42 (F),cysticvolumeonday42 (G)andchange incystvolume fromday7 to42 (H).
Linesrepresentthefittedlinearregressionlines.R2andpͲvalueforeachlinearegiven.
ManganeseͲenhancementondaysevenafterHI
Increased manganeseͲenhancement was seen on day seven after HI in the right cortex,
putamenandthalamusininjuredpups.HI+vehiclepupshadmoremanganeseͲenhancementin
therightcerebraltissuethanHI+doxypupsandshamondaysevenafterHI(Figure4).Larger
volumesofmanganeseͲenhancedtissueondaysevenwerecorrelatedwithsmallervolumesof
rightcerebralbraintissueandlargercystsondays21and42,andwithalargerincreaseincyst
volumefromdayseventoday42(Figure4).
Groupdifferencesindevelopmentofwhitematterondiffusiontensorimaging
Meanfractionalanisotropy(FA)valuesofallgroupsincreasedfromdaysevento21intheleft
andrightwhitematterareas(WM)andwerehigheronday21and42comparedtodayseven,
butwithnodifferencebetweendays21and42.Test for fixedeffectswithina linearmixed
modelshowedanoveralltendencytowardsHI+doxyhavinghighermeanFA intherightWM
than HI+vehicle (p=0.077) with a significant interaction between days after HI and group
(p=0.030).Therewasnodifference inFAondayseven,but increasingdifferencesover time
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gavesignificantlyhigherFAvaluesinrightwhitematterareasamongHI+doxythanHI+vehicle
on day 42. The same tendency was also present on day 21 and became significant after
includingrecoverytime inthemodel(Figure5).Meanradialdiffusivity(ʄŏ)decreasedamong
allgroups in leftandrightwhitematterareaswith timeafter injury,butwith lessreduction
amongHI+vehiclegivinghigherʄŏamongHI+vehiclethanHI+doxyandshamonday42.There
wasnodifferencebetweengroupsinFAandʄŏinleftwhitematterandcorpuscallosum,and
nosignificantdifferencesinmeandiffusivityoraxialdiffusivitywerefoundbetweenthetwoHI
groups inanyareas (Datacanbeseen insupplementary figure).MeanFA in the rightwhite
matterwaslowerthanintheleftamongHI+vehiclepupsondaysseven,21and42,andamong
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Figure5DTIandwhitematterimmunohistochemistry.
Upperrow: ImagesofhistologicalslicesstainedforMyelinbasicprotein (MBP;brown)takenfromthe
samepupsas inmiddle rowonday42.Middle row: ImagesshowdirectionallycolorͲcoded fractional
anisotropymapsfromday42afterHIinpupswithdifferentseverityofinjury.D:Sham.E:HI+doxypup
withmildinjury.F:HI+vehiclepupwithsevereinjury.NoticethegoodcorrelationbetweenMBPstaining
(AͲC)andhigh fractionalanisotropy (DͲF)Lower row:Barcharts show themean fractionalanisotropy
(FA)inmajorwhitematterstructures(WM)intheleft(G)andright(H)hemispheresandcorpuscallosum
(I)ondays7,21and42afterHI inSham,HI+doxyandHI+vehicle.Thebarsshowestimatedmarginal
means for each groupwith error bars indicating 95% Confidence intervals. § p < 0.05 right vs. left
hemisphere; † p < 0.05 day 7 vs. day 21 or 42; * p < 0.05 between groups; # p < 0.05HI+doxy vs.
HI+vehicleaftercontrollingforrecoverytime.
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HI+doxyonday42(Figure5).ThiswasaccompaniedbyhigherʄŏintherightWMthantheleft
amongHI+vehiclepupsatalltimepoints,butnotamongHI+doxy.
Immunohistochemistryonday42
Allfourshams,fouroutofeightHI+doxypupsandthreeoutofsevenHI+vehiclepupshadno
detectableinjuryorcellularchangesonhistologyorimmunohistochemistryday42.Thesame
animalshadnormal relativevolumesof rightcerebral tissueatall timeͲpoints.Animalswith
detectable injury could be classified intomild,moderate and severe injury based on the
histological score (Figure 6). Among animalswith detectable injury,HI+doxy pups had less
neuronallossandtissuelosswithlowerhistologicalscoresthanHI+vehiclepups(p=0.021),and
HI+doxy pups had also less activatedmicroglial cells (lower CD68 score, p=0.042). Lesion
volume on ADC day one and the relative volume of right cerebral tissue on day seven
correlatedhighlywiththehistologicalscore(Table1andFigure6).Inanimalswithmoderate
and severe injury, the rightWMhippocampal fimbriaandexternal capsulewas thinnerand
hadlessintenseandmorescatteredMBPstainingthaninthelefthemisphere(Figure5).
Discussion
ToourknowledgethisisthefirststudyusingalongitudinaldesigntolookattheeffectofantiͲ
inflammatorytreatmentondevelopmentofbraininjuryafterneonatalhypoxiaͲischemia,and
also the first study that examines the longͲterm effects of doxycycline treatment in the
neonatal rat. Our results indicate a moderate neuroprotective of doxycycline treatment,
mainly seenat followupas lesscyst formation, sparingofcerebral tissueand less injury to
majorwhitemattertracts.Interestingly,theeffectsoftreatmentseemedtoincreasewithtime
aftertheinsult.Anothermajorfindingisthehighdegreeofcorrelationbetweenlesionsizeon
early ADCͲmaps and othermeasures of injury at longͲterm followͲup. The finding that the
recoverytimebetweenCCAoperationandhypoxiaplaysaroleintheensuingsizeoftheinjury
isalsoofimportanceandhastoourknowledgenotbeenreportedbefore.
Strengthsandweaknesses
Themainweaknessof the study is the large variation in lesion size amongboth treatment
groups in combinationwith fewanimals.Thishas reduced thepowerof the study to show
significant effects of treatment, and also limit the validity of the study. However, the
longitudinal designwith repeated high resolutionMRI allowed us to follow both structural
changesincerebraltissueandchangesinwhitemattermicrostructureovertimeafterHI.This
made it possible to account for individual variationwhen comparing treatment effects on
injurydevelopment.Italsoallowedtheinvestigationofaninteractionbetweentreatmentand
timeafterHI.Theuseofdifferentmethodsandoutcomemeasuresthatallpointinthesame
directionalsostrengthensthestudythattogetherwiththelongitudinaldesigncompensatefor
someofthelimitations.
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Figure6Histologyandimmunohistochemistryonday42.
Extentofneuronalandtissuelosswasscoredfrom0Ͳ4inallareasshowninA.Theaverageinjuryscoreforeach
pupisshowedingraphB.DensityofCD68positivemicroglialcellswasscoredfrom0Ͳ3inthesameareasandthe
averagescoreforeachpupisshowningraphCwithsymbolsindicatinggroupandbarsindicatinggroupmeans.
Scatter plotD shows the correlation between relative volume of the right cerebral tissue on day seven and
histologicalscoreonday42.ScatterplotEshowsthecorrelationbetweenvolumeofmanganeseͲenhancedtissue
ondaysevenandCDͲ68scoreonday42.Linesrepresentthefittedlinearregressionlines.R2foreachlineisgiven.
Examplesofpupswithhistological scoresof approximately 1 (mild injury), 2 (moderate injury) and 3 (severe
injury)areshowninF,JandN(Scalebar=2mm).Tissuelossandcystformationincreasedwithseverityofinjury.
The sizeofputamen and thalamuswere slightly reduced inmild injury,moderately to severely reducedwith
dilatationof the lateralventricle inmoderate injury,andwasalmostnonͲexistingwith large cyst formation in
severely injuredpups.Highermagnificationof thehippocampalstructureandpartsofcortexonHEstain (G,K
andO)andonMAPͲ2stain(H,LandP)showselectiveneuronallossinthehippocampalstructure(arrowheads),
patchyneuronalloss(arrows)mainlyinlayerIIIofcortex(L),andthinningofcortexandtissuelossintheseverely
injured (OͲP) (Scalebar=1mm). I,MandRshowhighmagnificationexamplesofCD68staining (brown) from
areasmarkedwithsquareinH,LandMrespectively(Scalebar=50ђm).
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LesionsonearlyADCͲmaps
ThereductioninADCseeninipsilateralcortex,hippocampus,thalamusandputamenafterHI
is inaccordancewithprevious studies,andcanbeexplainedbycytotoxicoedema, reducing
theextracellularspaceandinhibitingthefreewaterdiffusion(Gassetal.,2001).ReducedADC
intheseareashasalsobeencorrelatedwithhighnumbersofapoptoticcells(Lodygenskyetal.,
2011).However,we also found increasedADC in thewhitematterof theexternal capsule,
close to the hippocampus. A similar finding has been found to concur with pronounced
oligodendroglialreactionsandmicroglialactivationwithoutapparentcelldeath(Lodygenskyet
al., 2011), and with modest apoptotic activity (Wendland et al., 2008). One possible
explanationtotheincreasedADCisvasogenicoedemarelatedtothesecellularreactionsinthe
whitematter(Olahetal.,2001;Lodygenskyetal.,2011).
Theestimated lesion volumeonADCdayonewashighly correlatedwith latermeasuresof
lesionsize,whichmadeitagoodpredictorofthefinalinjury.Asimilarcorrelationwasfound
byWangetal(2006).Theyestimatedthe lesionvolumesonADCͲmaps1Ͳ2hourspostͲHIby
usingathresholdsettoч80%oftheADCinthecontralateralhemisphere.Theestimatedlesion
volumeonADCͲmapwas foundtocorrelatewith,butunderestimate the final lesionvolume
onday10 afterHI.Oneproblemwithusing such a threshold is thathighpathologicalADC
valuesarenotincluded.Inourstudywedevelopedamethodforestimatingthelesionsizethat
also took into account the tissue with pathological high ADC. This can explain the higher
correlationandbetterestimationwithourmethodthanthatusedbyWangetal(2006),but
thedifferencemayalsoberelatedtothedifferenttimeͲpointsforADCimaging.
Recoverytimeinfluenceslesionsize
Using75minutesofhypoxia,wehavepreviouslyexperiencedconsistentlylargeinjuriesinthis
animalmodel(Wideroeetal.,2009;Wideroeetal.,2011).Inthisstudy,60minutesofhypoxia
waschosentoachievemoremoderateinjuries.However,thisalsoresultedinlargevariationin
lesionsizeamongbothHIgroups.
Muchof this variation couldbeexplainedby the time intervalbetweenCCAoperation and
hypoxia,with shorter recovery time giving larger lesions. The time interval is important for
recovery following anaesthesia and operation, allowing the pup to feed properly before
hypoxia. Short recovery time may give less feeding with subsequent risk of depletion of
glucose reservoirs during hypoxia, which is known to increase hypoxicͲischemic injury
(Vannucci&Hagberg,2004;Vannucci&Vannucci,2005). Inourstudytherecoverytimewas
withintherecommendedtimeintervalof2Ͳ4hours(Vannucci&Vannucci,2005),howeverdid
still influencetheseverityofthe injury.Studiesofoptimalrecoverytime inordertoproduce
consistent injuries in newborn rats should be undertaken, and recovery time should be
consideredapossibleconfounderinfuturestudiesusingthisanimalmodel.
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EffectofdoxycyclinetreatmentincreaseswithtimeafterHI
Lower mean lesion volume on ADC on day one among HI+doxy versus HI+vehicle pups
indicates early treatment effects. This is in accordance with effects of doxycycline and
minocyclineonneurotransmitters,proͲinflammatory cytokinesandmRNAexpressionduring
thefirst24hoursafterHIthathaspreviouslybeendescribed (Foxetal.,2005;Jantzieetal.,
2006;Kremlevetal.,2007; Jantzie&Todd,2010).However,our results showan increasing
difference in injurybetweenHI+doxyandHI+vehiclepupswith increasing time fromHI.This
mayindicatethatasingleinjectionofdoxycyclinehasalonglastingeffectthatbecomesmore
pronouncedwith time. Due to the slow elimination of doxycycline, circulating therapeutic
levelscanbeexpectedfordaysafterasingledose,withpossiblepersistent inhibitoryeffects
onmicroglia andmacrophages. This is supported by previous reports that a single dose of
doxycycline reducesapoptosis,promotesneuronal survivaland reducesmicroglialactivation
alsoduringthefirstweekafterHI(Jantzieetal.,2005).
ReducedmanganeseͲenhancementmayreflectlessinflammationindoxycyclinetreated
pups
WehavepreviouslyshownthatmanganeseͲenhancementincerebralareasondaysevenafter
HIreflectsmicroglialactivationandreactiveastrocytosis(Wideroeetal.,2009).Lowervolumes
ofmanganeseͲenhanced tissue among doxycycline treated pupsmay therefore reflect less
inflammation due to doxycycline treatment,which has also been observed by others using
histologicalmethods (Jantzieetal.,2005; Jantzie&Todd,2010).Reducedmicroglialactivity
mayalsocontributetoreducedcystͲformation,whichwasthemaineffectofdoxycyclineseen
inourstudy.This issupportedby thecorrelationbetweenvolumesofmanganeseͲenhanced
tissueondaysevenandcysticvolumeonday42andchangeincysticvolumefromdayseven
to day 42 that probably reflects the propensity ofmanganeseͲenhanced tissue to undergo
liquefaction(Wideroeetal.,2011).
ThelongͲtermeffectofdoxycyclineseeninourstudywithsparingofgreymatter,reducedcyst
volumesand lessactivatedmicroglialcellsonday42afterHImay indicate that the reduced
microglial activity is permanent in the treated animals. The interaction between treatment
groupandtimeafterHIfurthersupportsa long lastingeffectofdoxycycline.Higherdosesor
repeatedinjectionscouldfurtherpotentiatetheobservedneuroprotectiveeffects.
Effectsonwhitematterdevelopmentandmaturation
TheincreaseinFAvaluesfromdayseventodays21and42wasduetoasignificantreduction
in radialdiffusivity (ʄŏ),withunchanged axialdiffusivity.Thiswasmostprominent inwhite
matter in the left hemisphere and corpus callosum. These changes can be related to
maturationofwhitematterandincreasedmyelination,asreportedbyothers(Bockhorstetal.,
2008).Evidenceofinjurytothewhitematterareasintherighthemispherewasseenprimarily
amongHI+vehiclepupsas less increase inFAand lessreductionofʄŏwithdaysafterHIthan
amongshamandHI+doxypups.Thiscanbeinterpretedasdelayedorarrestedmyelinationof
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theWM tracts (Songetal.,2002;Songetal.,2005),and is supportedby thehistology that
showed thinning and reducedmyelinbasicprotein staining in the rightwhitematter tracts
among animalswithmoderate and severe injury. These changesonDTI indicate apossible
protective effect of doxycycline also on white matter injury, either directly or indirectly
through reduced grey matter injury. These results are supported by other studies where
minocyclinehasbeenshowntoattenuatewhitematter injury inP3andP4rats,byreducing
oligodendrocyteprogenitorcell lossduringthefirstweekof life(Caietal.,2006;Cartyetal.,
2008)andimprovingmyelinationafterthreeweeks(Fanetal.,2006).
Conclusions
AsingledoseofdoxycyclinegivenafterahypoxicͲischemicinsulttotheneonatalbrainreduced
cystformationandattenuatedinjurytocerebralgreyandwhitemattertissue.Thetreatment
effects becamemore pronouncedwith time, suggesting that doxycycline also protects the
growthof cerebral tissue andmaturationofwhitematter tracts. EarlyMRI, includingADCͲ
mapstakenonedayafterHI,volumetricMRIandmanganeseͲenhancementondaysevenafter
hypoxiaͲischemiawerehighlypredictivefor injurysizeandwhitematterdiffusionchangesat
longͲtermfollowup.ThisindicatesthatshortͲtermtreatmenteffectsfoundinpreviousstudies
can be extrapolated to longͲterm outcomes. Combined, these results clearly suggest a
potentialfordoxycyclinetreatmentofhypoxicͲischemicbraininjuryintheneonate.
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SupplementaryfigureͲDTIdata.
Fractionalanisotropy(FA),meandiffusivity(MD),radialdiffusivity(ʄŏ)andaxialdiffusivity(ʄŒ)ondays
7,21and42afterhypoxiaischemiaincorpuscallosum(CC),majorwhitematterstructures(WM)inthe
leftand right hemispheresofshamoperatedpupsandpups treatedwithdoxycycline (HI+doxy)and
with saline (HI+vehicle).MD, ʄŏ and ʄŒ are shown inunitsof 10Ͳ3mm2/s. Thebars show estimated
marginal means for each group with error bars indicating 95% Confidence intervals. P values for
difference between HI+doxy and HI+vehicle are displayed above the bars. § p < 0.05 right vs. left
hemisphere;†p<0.05HI+vehiclevs.Sham;*p<0.05day21or42vs.day7.
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